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WIND    STRESSES    IN    THE    STEEL    FRAMES    OF    OFFICE 

BUILDINGS 

I.     Introduction. 

1.  Preliminary. — The  increase  in  the  price  of  land  in  large  cities 
has  made  it  necessary  to  build  high  buildings  in  order  to  get  a  large 
rentable  floor  space  on  a  small  parcel  of  land.  The  type  of  building 
generally  used  is  known  as  the  steel-skeleton  building.  In  this  type  of 
building  the  live  and  dead  loads,  including  the  weight  of  the  walls,  are 
carried  by  a  system  of  beams  and  girders  to  columns  and  are  carried  by 
the  columns  to  the  footings. 

In  high  buildings  the  horizontal  shear  due  to  the  wind  load  is  very 
large;  and,  since  it  is  usually  impracticable  to  put  diagonal  braces  be- 
tween the  columns,  it  is  customary  to  make  the  steel  frame  rigid  enough 
to  resist  the  horizontal  shear  by  virtue  of  the  stiffness  of  the  columns 
and  girders.  The  exact  determination  of  the  stresses  in  a  steel  frame 
due  to  a  horizontal  shear  is  one  of  the  problems  of  structural  engineering 
which  remains  to  be  solved.  While  the  writers  realize  that  the  method  of 
determining  these  stresses  presented  in  this  bulletin  is  based  upon  as- 
sumptions which  are  not  exactly  true,  they  believe  that  the  method  is 
more  accurate  than  the  methods  ordinarily  used. 

2.  Acknowledgment. — Messrs.  Anderson,  Becker,  Gomez,  and 
Eichart,  graduate  students  in  the  College  of  Engineering  of  the  Uni- 
versity of  Illinois,  calculated  the  moments  in  Table  23,  and  the  moments 
as  determined  by  methods  I,  II,  and  III  in  the  keys  to  the  diagrams 
in  Figs.  10,  11,  and  12,  and  assisted  with  the  calculations  necessary  to 
determine  the  curves  shown  in  these  figures.  Professor  Ira  0.  Baker 
and  Professor  C.  A.  Ellis  rendered  valuable  assistance,  criticizing  the 
bulletin  during  its  prepartion.  The  writers  gratefully  acknowledge  in- 
debtedness to  these  men. 

II.     Present  Methods  of  Calculating  Wind  Stresses  in  Office 

Buildings. 

3.  Classification  of  Methods. — Methods  of  calculating  wind  stresses 
in  the  steel  frames  of  office  buildings  may  be  divided  into  two  classes, 
viz.:  (1),  those  used  in  the  actual  design  of  buildings  and  (2),  those 
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vhich  have  resulted  from  an  effort  to  make  an  exact  analysis  of  .the 
stresses.  In  the  methods  of  the  first  class,  accuracy  has  been  sacrificed 
;o  shorten  and  simplify  the  calculations.  In  the  methods  of  the  second 
ilass,  the  aim  has  been  to  make  an  exact  analysis  rather  than  an  analysis 
;hat  can  be  used  in  the  actual  design  of  a  building. 

For  the  sake  of  convenience  in  reference,  methods  of  the  first  class 
ire  designated  as  approximate  methods,  and  those  of  the  second  class 
ire  designated  as  exact  methods. 

4.  Approximate  Methods.— (a)  Fleming's  Methods.  Mr.  E. 
Fleming,  in  an  article  in  Engineering  News,  describes  three  methods, 
vhich  are  in  current  use.*  These  methods  are  designated  as  methods  I, 
[I,  and  III.  The  three  methods,  as  applied  to  a  building  in  which  all 
:olumns  of  a  story  have  the  same  section,  are  based  upon  the  following 
issumptions : 

Assumptions  in  Method  I. 

1.  A  bent  of  a  frame  acts  as  a  cantilever. 

2.  The  point  of  contra-flexure  of  each  column  is  at  mid-height  of 
;he  story. 

3.  The  point  of  contra-flexure  of  each  girder  is  at  its  mid-length. 

4.  The  direct  stress  in  a  column  is  directly  proportional  to  the 
listance  from  the  column  to  the  neutral  axis  of  the  bent. 

Assumptions  in  Method  II. 

1.  A  bent  of  a  frame  acts  as  a  series  of  portals. 

2.  The  point  of  contra  -flexure  of  each  column  is  at  mid-height  of 
;he  story. 

3.  The  shear  is  the  same  on  all  columns  of  a  story. 

4.  Each  pair  of  adjacent  columns  of  a  bent  acts  as  a  portal,  and 
>ach  interior  column  is  a  member  of  two  adjacent  portals.  The  direct 
stress  in  an  interior  column,  when  the  column  is  considered  as  a  mem- 
ber of  the  portal  on  one  side,  is  of  opposite  sign  from  the  direct  stress 
in  the  same  column  when  considered  as  a  member  of  the  portal  on  the 
opposite  side  and  the  resultant  direct  stress  is  equal  to  zero. 


•Wind   Bracing   without    Diagonals    for    Steel-Frame    Office    Buildings,    Engineering   News, 
March  13,  1913. 
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Assumptions  in  Method  III. 

1.  A  bent  of  a  frame  acts  as  a  continuous  portal. 

2.  The  point  of  contra-flexure  of  each  column  is  at  mid-height  of 
the  story. 

3.  The  direct  stress  in  a  column  is  directly  proportional  to  the 
distance  from  the  column  to  the  neutral  axis  of  the  bent. 

4.  The  shear  is  the  same  on  all  columns  of  a  story. 

(b)  Smith's  Methods.  Professor  Albert  Smith,  in  a  paper  before 
the  Western  Society  of  Engineers,  describes  a  method  which  he  has 
used  in  his  classes  in  Structural  Engineering  at  Purdue  University.^ 
This  method  is  here  designated  as  Method  IV. 

Assumptions  in  Method  IV. 

1.  The  point  of  contra-flexure  of  each  column  is  at  mid-height  of 
the  story. 

2.  The  point  of  contra-flexure  of  each  girder  is  at  its  mid-length. 

3.  The  shears  on  the  internal  columns  are  equal  and  the  shear  on 
each  external  column  is  equal  to  one-half  of  the  shear  on  an  interior 
column. 

If  all  of  the  assumptions  of  any  of  these  methods  are  accepted,  the 
stresses  in  a  frame  may  be  determined  by  applying  the  fundamental 
equations  of  static  equilibrium.  It  is  apparent  from  the  assumptions 
that  the  results  obtained  by  these  methods  are  radically  different. 

5.  Exact  Methods. —  (a)  Melick's  Method.  Dr.  Cyrus  A.  Melick* 
used  a  method  which  takes  into  account  the  form  of  the  elastic  curves 
and  the  deflections  and  changes  in  length  of  the  members.  The  method 
is  so  long  that,  when  applied  to  a  building  only  four  stories  high,  the 
amount  of  work  required  is  almost  prohibitive.  To  apply  it  to  a  build- 
ing twenty  stories  high  would  be  impracticable  if  not,  in  fact,  impossible. 

(b)  Jonson's  Method.  Mr.  Ernest  F.  Jonson  suggested  a  method 
which  takes  into  account  the  deflections  of  the  columns  and  the  changes 
in  the  slopes  of  the  tangents  to  the  elastic  curves  of  the  columns  and 
girders  at  the  points  where  they  intersect.t 

If  the  method  which  he  suggests  were  used,  it  would  give  the 
stresses  with  a  fair  degree  of  accuracy ;  but  his  method  involves  so  many 
unknowns  that  its  use  would  not  be  practicable  in  the  actual  design  of 
buildings. 


$Wind   Stresses   in   the   Frames   of   Office   Buildings,   by    Albert   Smith,   Journal   Western 
Society  of  Engineers,  Vol.  XX,  No.  4,  p.  341. 

_  'Stresses  in  Tall  Buildings,  by  Cyrus  A.  Melick.     Bulletin  No.  8,  College  of  Engineering, 
University  of  Ohio. 

tThe  Theory  of  Frameworks  with   Rectangular   Panels  and   Its  Application   to   Buildings 
which  Have  to  Resist  Wind,  by  Ernst  F.  Jonson,  Tran.  Am.  Soc.  C.  E.,  Vol.  55,  p.  413. 
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(c)  Method  of  Least  Work.  Professor  Albert  Smith  has  deter- 
ined  the  wind  stresses  in  symmetrical  bents  having  two,  three,  and 
ur  spans  by  the  method  of  least  work.*  This  method  is  exact,  but,  of 
urse,  is  extremely  long. 

III.     Outline  of  the  Proposed  Analysis. 

6.  Outline  of  the  Method. — In  making  an  analysis  of  the  stresses, 
e  writers  made  certain  assumptions  and  applied  certain  fundamental 
•inciples  of  mechanics  and  obtained  equations  from  which  the  stresses 
a  frame  can  be  determined.  The  assumptions  which  have  been  made 
e  stated  in  Section  IV  and  the  derivation  of  the  equations  is  given  in 
actions  V  and  VI. 

It  can  be  proven  that  the  moment  at  an  end  of  a  member  of  a 
aine  is  a  function  of  the  changes  in  the  slopes  of  the  tangents  to  the 
astic  curve  of  the  member  at  its  ends  and  of  the  deflection  of  one  end 
the  member  relative  to  the  other  end  (see  equation  A,  page  13). 

In  the  strained  position,  all  the  columns  and  girders  which  intersect 

one  point  have  been  subjected  to  the  same  change  in  slope  (see  as- 

mption   1,  Section   IV)  ;  the  vertical  deflections  of  the  ends  of  all 

rders  are  equal  to  zero;  and  the  horizontal  deflections  of  the  tops  of 

1  columns  of  a  story  are  equal  (see  assumption  2,  Section  IV) . 

Consider  any  stoty  of  a  bent.  Take  the  point  of  intersection  of 
e  neutral  axes  of  a  column  and  a  girder  as  a  free  body.  It  is  in  equi- 
)rium  under  the  action  of  the  moments  at  the  extremities  of  the  col- 
nns  and  girders  which  intersect  at  the  point.  Each  of  the  moments 
ay  be  expressed  in  terms  of  the  changes  in  the  slopes  at  the  extremities 
the  member,  and  the  deflection  of  one  end  of  the  member  relative  to 
e  other.  A  moment  equation  can  therefore  be  written  for  each  point 
here  the  columns  and  girders  intersect,  and  the  only  unknown  quan- 
ties  will  be  the  changes  in  the  slopes  at  the  extremities  of  the  columns 
id  the  horizontal  deflections  of  the  columns  in  a  story. 

If  all  the  columns  of  a  story  be  taken  together  as  a  free  body,  the 
Lm  of  the  moments  at  the  two  extremities  of  all  the  columns  will  be 
danced  by  a  couple  whose  moment  is  equal  to  the  total  shear  on  the 
ary  multiplied  by  the  story  height.  The  shear  and  the  height  of  the 
ory  are  known,  and  the  moments  in  the  columns  can  be  expressed  in 
rms  of  the  slopes  and  the  deflections  at  their  extremities  the  same  as  in 
e  previous  equations.  It  is  therefore  possible  to  write  as  many  equations 
•r  each  story  as  there  are  columns  in  the  story,  plus  one.    As  the  only 

'Wind    Stresses   in   the   Frames   of   Office   Buildings,   by    Albert    Smith,   Journal   Western 
ciety  of  Engineers,  Vol,  XX,  No.  4,  p.  341. 
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unknown  quantities  in  these  equations  are  the  changes  in  the  slopes  at  the 
extremities  of  the  columns  and  the  deflection  in  a  story  common  to  all 
columns,  there  are  as  many  equations  per  story  as  there  are  unknowns. 
By  solving  these  equations  the  slopes  and  the  deflections  can  be  deter- 
mined. Knowing  the  slopes  and  the  deflections,  the  moments  can  be 
computed. 

The  product  of  the  shear  on  a  member  and  the  length  of  the  mem- 
ber is  equal  to  the  algebraic  sum  of  the  moments  at  the  extremities  of  the 
member.  Since  the  moments  and  the  length  of  the  member  are  known 
the  shear  can  be  computed. 

With  the  shears  in  the  girders  known,  the  direct  stress  in  any  col- 
umn can  be  determined  by  taking  the  column  as  a  free  body  and  equat- 
ing the  sum  of  the  vertical  forces  to  zero. 

The  direct  stress  in  a  girder  may  be  determined  in  a  similar  manner. 

The  method  just  described  is  based  upon  the  proposition  in  me- 
chanics used  by  Mr.  Jonson,  but  the  method  which  the  writers  have 
developed  differs  from  the  one  used  by  him  in  that  the  changes 
in  the  slopes  and  the  deflections  have  been  used  as  the  unknown  quanti- 
ties instead  of  the  direct  stresses  and  the  moments.  Four  members, 
two  columns  and  two  girders,  intersect  in  a  point.  Each  member  is 
subjected  to  a  different  direct  stress  and  a  different  moment,  whereas  all 
of  the  members  are  subjected  to  the  same  change  in  slope,  and  all  of 
the  columns  in  a  story  are  subjected  to  the  same  deflection.  It  is  there- 
fore apparent  that  there  are  fewer  unknown  slopes  and  deflections  than 
moments  and  direct  stresses.  The  large  reduction  in  the  number  of 
unknowns  very  much  simplifies  the  solution  of  the  equations. 

IV.    Assumptions  Upon  Which  the  Analysis  Is  Based. 

7.  Statement  of  Assumptions. — The  proposed  analysis  is  based 
upon  the  following  assumptions : 

1.  The  connections  between  the  columns  and  girders  are  perfectly 
rigid. 

2.  The  change  in  the  length  of  a  member  due  to  the  direct  stress 
is  equal  to  zero. 

3.  The  length  of  a  girder  is  the  distance  between  the  neutral 
axes  of  the  columns  which  it  connects  and  the  length  of  a  column  is 
the  distance  between  the  neutral  axes  of  the  girders  which  it  connects. 

4.  The  deflection  of  a  member  due  to  the  internal  shearing  stresses 
is  equal  to  zero. 
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5.     The  wind  load  is  resisted  entirely  by  the  steel  frame. 
These  assumptions  will  be  discussed  in  Section  XL 

V.     Fundamental  Equation. 

8.  Fundamental  Proposition. — The  fundamental  equation  used  in 
this  analysis  is  based  upon  the  following  proposition: 

When  a  member  is  subjected  to  flexure,  the  deflection  of  any  point 
in  the  neutral  axis  from  the  tangent  to  the  elastic  curve  at  any  other 

M 
point  is  equal  to  the  moment  of  the  area  of  the  •■         diagram  for  the 

portion  of  the  member  between  the  two  points,  about  the  point  where  the 
deflection  is  measured. 

9.  Proof  of  the  Proposition. — The  line  AB,  Fig.  1,  represents  the 
neutral  axis  of  a  member  subjected  to  flexure.  The  deflection  of  the 
member  is  very  much  exaggerated  in  the  figure.  The  actual  deflection 
is  so  small  that  the  length  of  the  curve  may  be  considered  equal  to  its 
horizontal  projection.  It  is  required  to  prove  that  the  deflection  of  any 
point  P  from  the  tangent  to  the  line  AB  at  any  other  point  Q  is  equal  to 

p  M 


i 


9BI     & 


Extend  the  tangents  at  the  extremities  of  an  element  of  the  curve 
until  they  intersect  the  vertical  line  through  P.  The  intercept  on  this 
vertical  line  between  two  consecutive  tangents  is  equal  to  xd6.  The 
total  deflection  of  P  from  the  tangent  at  Q  is  equal  to  the  algebraic 
sum  of  these  intercepts  for  the  elements  of  the  elastic  curve  between 

[r 
the  points  Q  and  P.      That  is,  y  =    /      xd6.      The    equation    of    the 

J    Q 

elastic  curve  may  be  written  — j—  =  -=y .     Substituting  the  value  of  dd 

.      .  fp     M 

from  this  equation  in  the  expression  for  y,  gives  y  —      /      — ^j—  dx-x. 

J    Q       teiL 

M  M 

The  quantity  -=y  dx  can  be  considered  as  an  elementary  area  of  the  -p-f~ 

fp     M 
diagram.    The  quantity    /  dx-x  can  therefore  be  considered  as  the 

J  q    teiL 

M 
moment  of  the-=y-  diagram  about  the  point  P. 
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10.  Derivation  of  Fundamental  Equation— Consider  a  member 
which  is  not  acted  upon  by  any  external  forces  or  couples  except  at  the 
ends.  The  line  AB  in  Fig.  2  represents  the  neutral  axis  of  such  a 
member.  The  moment  at  A  is  represented  by  MAB  and  at  B  by  MBA. 
The  change  in  the  slope  of  the  elastic  curve  at  A  due  to  the  external 
forces  is  represented  by  0A,  and  at  B  by  8B.  The  deflection  of  A  from 
its  original  position  A',  is  d.  The  deflection  of  A  from  the  tangent  at 
B  is  represented  by  (d—  16B)  :  and  the  deflection  of  B  from  the  tangent 


Fig.  1.     Proof  of  Fundamental   Equation. 


M 
at  A  is  represented  by  (d—l-6A).    The   -=7- diagram  is  shown  in  Fig.  3. 

hi 

The  signs  of  the  quantities  are  determined  by  the  following  rules: 

The  change  in  the  slope.,  or  the  angular  deformation,  is  positive 
(+)  when  the  tangent  to  the  elastic  curve  of  the  member  is  turned  in 
a  clockwise  direction. 

Distances  and  deflections  are  positive  when  they  are  measured  in 
the  same  direction  from  the  base  line  as  are  positive  slopes. 

The  moment  acting  upon  a  member  at  the  section  where  the  deflec- 
tion is  measured  is  positive  (+)  when  it  produces  a  clockwise  rotation. 

Substituting  (d  —  l-6B),  the  deflection  of  A  from  the  tangent  at  B, 
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CM 


I   M 
for  y  in  the  equation  y  —    I  — —  dxx,  gives 

J  EI 

(d-l6B) 


M 


EI 


dxx. 


Substituting  the  value  of  M  from  the  equation 


M  =  MAB  +1 


P/E 


Mt 


] 


x,  gives 


{d~leB)     J.-WXdX+{       Mil      J 


;2-da;. 


If  the  material   is  homogeneous  and  the  section  uniform,  E  and 
Z  are  constants.     Performing  the  indicated  integration,  gives 


(d-l6B) 


+ 


or 


EI     2  EI      3    '       EI      3  ' 

d  =  l6»+-^fI   [^BA  +  ^AB   ]     (1) 

Substituting  (d—  V6A),  the  deflection  of  B  from  the  tangent  at  A, 


for  ?/  in  the  equation 


•-/ 


M 
EI 


dxx,  gives 


"A    M 
(d  —  18  A)  =  I      ——dxx. 


b  EI 

The  moment  at  any  section  in  the  member,  when  considering  the 
deflection  at  B,  is  of  opposite  sign  from  the  moment  at  the  same  section 
when  considering  the  deflection  at  A.  (See  preceding  rule  for  determin- 
ing the  sign  of  the  moment.) 

Substituting  the  value  of  M  from  the  equation 

Mab  —  Mbj,' 

gives 


M  =  -MB>- 


/ 


+ 


(d 


-  10A)  =1  -  —  xdx  -  I 


Mlb  —  M-raI 


x2  dx  or 


d  =  l- 


J/ba  I2 
EI  2 


Mab  F         Mba  I2 


EI  3 


EI  3 


d  =  16A  +-^A~  ^ba  -  2MAB  1.  . 
Multiplying  equation   (2)   by  2,  gives 

z2    r 

2d  =  21-6 A  +  -^-  I  -  2MBA  -  mAB 


6EI 


} 


(2) 
(3) 
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cH0>  ^  I* 


Fig.    2.     Derivation    of    Funda- 
mental Equation. 


.1/ 

Fig.  ?,.    Diagram. 

El 


Adding  equations  (1)  and  (3)  gives 

r- 


U  =  2Z-0A  +  16B  +- 


GEI 


—  ML 


Substituting  K  for  -y  and  R  for  -j-  and  solving  for  MAB,  gives, 

M AB  =  2  EK    [2  0A  +  #b  -  372] (A) 

When  d  =  0,  equation  (A)  becomes 

MAB  =  2EK    (2  8A  +  6B) (B) 

Equation  (A)  is  general  and  may  be  applied  to  any  length  of  any 
member  in  bending  provided  the  length  considered  has  no  intermediate 
external  force  applied  to  it.     That  is,  one  or  more  of  the  quantities 
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6 a-  0B,  and  d  may  be  negative  and  equation  (A)  will  still  give  the 
moment  at  the  point  A  in  both  magnitude  and  sign.  Equation  (A)  is 
the  fundamental  equation  upon  which  the  analysis  which  follows  is  based. 
Equation  (B)  is  a  special  form  of  equation  (A).  Equation  (A)  may 
be  expressed  as  follows: 

The  moment  at  the  end  of  any  member  is  equal  to  2EK  times  the 
quantity:  Two  times  the  change  in  the  slope  at  the  near  end  plus  the 
change  in  the  slope  at  the  far  end  minus  three  times  the  deflection 
divided  by  the  length.  E  is  the  modulus  of  elasticity  of  the  material  and 
K  is  the  ratio  of  the  moment  of  inertia  to  the  length  of  the  member. 

VI.     Derivation  of  General  Equations. 

11.     Notation.— The  following  notation  has  been  used: 
A,  B,  C,  etc.  =  the  columns  of  a  bent,  beginning  at  the  right  and 

reading  toward  the  left. 
a,  b,  c,  etc.=  the  bays  of  a  bent,  beginning  at  the  right  and  reading 

toward  the  left.     The  girder  in  bay  a  is  designated  as  girder  a,  in 

bay  b  as  girder  b,  in  bay  c  as  girder  c,  etc. 
Av  A2,  A3,  etc.  =  the  intersections  of  the  neutral  axes  of  the  girders  at 

the  tops  of  the  first,  second,  third,  etc.,  stories  with  the  neutral  axis 

of  column  A. 
Bx,  B2,  B3,  etc.  =  the  intersections  of  the  neutral  axes  of  the  girders  at 

the  tops  of  the  first,  second,  third,  etc.,  stories  with  the  neutral  axis 

of  column  B. 
d  =  deflection  of  the  columns  in  a  story  height. 
E  =  modulus  of  elasticity  of  the  material. 
h  =  length  of  a  column  measured  from  neutral  axis  to  neutral  axis  of 

the  girders. 
I  =  moment  of  inertia  of  the  girder  and  column  sections. 

j  —  2  ""^P  ( | )       for  all  columns  and  girders  which  intersect  at 

a  point. 

K  =     -=-  •   for  girders  and     —    for  columns. 

I  =  length  of  a  girder  measured  from  neutral  axis  to  neutral  axis  of 

the  columns. 
M  =  bending  moment. 


N  =  2  /  j  (  — —  )  for  all  columns  in  a  story. 
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n 


IF  =  total  horizontal  shear  in  a  bent  at  any  story. 

w  =  increment  of  the  horizontal  shear  in  a  bent  in  a  story  height. 

6  =  change  in  the  slope  of  the  tangent  to  the  elastic  curve. 

Subscripts  are  added  to  the  letters  to  indicate  the  particular  part 
of  a  bent  to  which  a  given  symbol  applies.  For  example,  referring  to 
Fig.  4,  girder  bx  is  the  girder  in  bay  b  at  the  top  of  the  first  story, 
A^  is  the  intersection  of  the  girder  at  the  top  of  the  first  story  with 
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Fig.  4.     Bottom   Five   Stories   of  a    Symmetrical  Three-Span   Bent. 

column  A,  0Al  is  the  slope  of  the  tangent  to  the  elastic  curve  at  the 
point  A1;  d3  is  the  deflection  of  the  columns  in  the  third  story;  JBi  is 
the  J  at  the  point  B4 ;  KA2  is  the  K  of  column  A  in  the  second  story. 
The  moment  at  the  right  end  of  the  girder  in  bay  a  at  the  top  of  the 
second  story  is  designated  as  M2AB,  and  the  moment  at  the  left  end  of 
the  same  girder  is  designated  as  M2BA.  The  moment  at  the  top  of  the 
column  B  in  the  third  story  is  designated  as  MB32,  and  the  moment  at 
the  bottom  of  the  same  column  is  designated  as  il/B23. 

12.  Derivation  of  Equations. — Fig.  4  shows  the  bottom  five  stories 
of  a  symmetrical  three-span  bent.  It  is  required  to  find  the  stresses  in 
all  of  the  members. 


16  ILLINOIS    ENGINEERING    EXPERIMENT    STATION 

Consider  the  columns  of  the  third  story  acting  together  as  a  free 
bod)'.  (Any  other  story  could  have  been  used.)  The  algebraic  sum  of 
all  of  the  moments  at  the  tops  and  the  bottoms  of  all  the  columns  plus 
the  product  of  the  total  shear  in  the  story  and  the  story  height,  is  equal 
to  zero.     That  is,  2  (M A32  +  MA23  +  MB32  +  i¥B23)  +  W3h3  =  0 

Substituting  the  values  of  the  moments  as  given  by  equations  A  and 
B  of  Section  V  gives 

2  [  2EKA,  (20Az  +  6A2  -  3R3)  +  2EKAs  (26A2  +  0Az  -  3R3)  + 
2EEBz  (20B3  +  0b2  -  3R3)  +  2EKB3  (28B2  +  6Bs  -  3B8)  ] 

+  iiy<3  =  o. 

Letting  N  —  2    'S^  ( )  for  all  of  the  columns  in  a  story,  and 

collecting,  eives 

W  h 
2KA3  6A2  +  2KBz  6B2  -  N3R3  +  2KAz  6Az  +  2KB3  0Bz  =  -  -^ (1) 

Consider  the  point  A3  as  a  free  body.     Taking       >     M  —  0,  gives 

MA3i  +  MA32  +  MZAB  =  0.     Substituting  the  values  of  these  moments  as 
given  by  equations  A  and  B  gives, 

2EKAi  (26A3  +  6Ai  -3RJ  +  2EKAz  (20  A3  +  6A2  -  SR3)  + 
2EK&3   (26A3  +  0B3)  =  O. 
Combining  the  coefficients  of  the  unknowns  and  cancelling  the  common 
factor  2E  gives, 

dA2KA,  +  0A3  (%Km  +  2^A3  +  2Za3)    +  9Ai  KAi  +  0B3Za3  ~ 

R33KAz  —  R43KAi  =  0. 
Substituting  JA3  for  2  ^  (  —  +  -—  j  of  all  the  members  that  intersect 

at  A3)  the  equation  becomes : 

KM  0A2  -  3ZA3  R3  +  J  a,  0A3  +  Kaz  6B3  -  3KMRi  +KAJM=0...(2) 
The  point  B3  is  in  equilibrium  under  the  action  of  the  four  mo- 
ments M3BA,  il/3BB,  MB3i,  and  i¥B32.     Equating  the  sum  of  these   four 
moments  to  zero  gives, 

2EK&3  (28B3  +  8A3)  +  2EKb3  (20B3  +  0Bz)  +  2EKBi  (26B3  + 
6Bi  -  3R4)  +  2EKB3  (26B3  +  dB2  -  3R3)  =  0. 
Combining  the  coefficients  for  the  unknowns  and  cancelling  the  common 
factor  2E,  gives, 

20B3  (^a3    +  ^b3  +  ^B4     +  #B3)    +  ^A3^a3  +  0BzKbz  +  6BiKBi  + 

^b2-^b3  —  3RtKBi  —  3-R3lTB3  =  0. 
Substituting  JBz  for  2   y^  I  — •  +  —  J  of  all  the  members  intersecting  at 
Bz,  the  equation  becomes, 
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Kb3  Ob,  -  3KB,R,  +  Kas  6A3  +  (Kb3  +  JB3)  6B,  -  3KBiR4  + 
Kb<Ob*  =  0    (3) 

The  three  equations,  1,  2,  and  3,  can  be  written  for  any  story  by 
making  the  proper  changes  in  the  subscripts.  As  there  are  only  three 
unknowns,  6A,  0B,  and  R  for  each  story,  as  many  equations  can  be  writ- 
ten for  a  bent  as  there  are  unknowns  to  be  determined.  It  is  possible  to 
solve  these  equations  for  the  unknown  quantities  algebraically,  but  the 
large  number  of  equations  involved  makes  the  work  very  difficult.  It 
is  simpler  to  substitute  the  numerical  values  of  the  coefficients  in  the 
equations  and  solve  for  the  numerical  values  of  the  unknown  quantities 
by  the  process  of  elimination  explained  in  Section  VII. 

For  convenience  in  the  application  of  this  process  of  elimination, 
the  equations  are  written  in  tabular  form  as  shown  in  Table  3  in  which 
the  unknown  changes  in  the  slopes  and  the  ratios  of  deflection  to  story 
height  are  written  at  the  tops  of  the  columns  and  the  coefficients  of 
these  unknowns  are  written  below.     For  example,  in  writing  equation 

IF  h 
A  of  Table  3,  which  is   —  NLR,  +  2KM6Al  +  2KBl0Bl    = -^- 

—  N1}  the  coefficient  of  R1}  is  placed  in  the  column  under  Rx ;  2KAl,  the 
coefficient    of    6Al,    is    placed    in    the    column    under    6Al;    2KBl,    the 

IF  h 
coefficient  of  dBl,  is  placed  in  the  column  under  8Bl;    and— —  1 n1 

is  placed  in  the  column  headed  "Eight-Hand  Member  of  Equation." 
Having  the  equations  written  in  this  form,  it  is  unnecessary  to  repeat 
the  unknown  quantities  when  eliminating  them  from  the  equations  by 
the  method  used  in  Table  14. 

Table  3  contains  the  general  equations  to  be  used  in  determining 
the  slopes  and  the  deflections  in  a  symmetrical  three-span  bent  any 
number  of  stories  high.  The  subscripts  1,  2,  and  3  refer  to  the  first, 
second,  and  third  stories  respectively,  and  the  subscripts  x,  y,  and  z  refer 
to  the  second  from  the  top,  the  next  to  the  top,  and  the  top  stories  re- 
spectively. The  equations  for  the  intervening  stories  are  of  the  same 
form,  but  have  different  subscripts. 

By  using  the  general  method  outlined  above,  that  is,  by  writing 
an  equation  similar  to  equation  1  for  each  story  and  an  equation  similar 
to  equations  2  and  3  for  each  intersection  of  a  column  with  a  girder 
for  each  story,  as  many  equations  as  there  are  unknowns  can  be  written 
for  a  bent  containing  any  number  of  spans  and  any  number  of  stories. 
General  equations  for  symmetrical  bents  of  from  one  to  five  spans  are 
given  in  Tables  1  to  5  and  similar  equations  for  unsymmetricdl  bents 
of  from  one  to  five  spans  are  given  in  Tables  6  to  10. 

In  order  to  check  the  equations  of  Tables  1  to  10,  a  model  of  a 
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1 

1 

co 
1 

6 

as 

"^ 

CM 

« 
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>> 

^ 

of 

1 

T 

noil 

Biibji 

< 

« 

CJ 

Q 

i    « 

m 

CO 

CO 

* 

o 

o 

b, 

s 

- 

1 

1 

N 

s; 

s 

k 

CM 

+ 

< 

N  1 

s; 

Nl 

< 

« 

>, 

X 

CO    1 
1    1 

1 

CO 

1 

> 

>. 
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< 

< 

i* 

'^ 
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Sxj 

CM 

< 

<N 

y. 

fe; 

1 

CO 

< 

CM 
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S 

"1 

\> 

(S3 

il  Two-Span  Bent 
High. 


Right-Hand 
Member 

No.] 
tCrom  ' 

Story  No.  Z 
(Top) 

of  Equation 

a 
o 

Is 

S 

roP) 

Story  No.  Y 
(Next  to  Top) 

Ry 

#AY 

#BY 

*Z 

*AZ 

#BZ 

m 

«i 

rx 

0AY 

tory  Height 

ftoS 

A 

— w, 

— wji^m 

B 

-3«A1 

0 

i 

C 

— 3Km 

0 

- 

D 

-TK,V6£ 

E 

1 

0 

F 

o 

u 

Fat 

KBY 

-ATy 

2KAy 

KBY 

— WYhY^6E 

''ay 

-3KAY 

Jay 

KaY 

- 3XAZ 

K\Z 

V 

O 

w 

XBY 

-3KBY 

2KaY 

"'BT 

-3*BZ 

*BZ 

o 

X 



2«AZ 

KBZ 

~*Z 

2XAZ 

KBZ 

— IFz/?z-=-6E 

Y 

X.AZ 

~3*AZ 

J  AZ 

KaZ 

O 

Z 

KBZ 

~~ 3KBZ 

2*aZ 

•'bz 

0 

Table  2. 

General  Equations  for  a  Symmetrical  Two-Span  Bent 
Any  Number  of  Stories  High. 


Left-Hand  Member  of  Equation 

Rii?ht-Hand 

3 

Story  No.  1 

Story  No  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

of  Equation 

H 

*j 

0A1 

#B1 

R* 

*AS 

»B2 

R3 

#A3 

#B3 

RX 

0vx 

*AY 

*Y 

#AY 

#BY 

*z 

#AZ 

#BZ 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-iV, 

2*A1 

KB1 

— Wih{  i  8B 

B 

-3*1] 

■7*1 

Kal 

-3KA, 

KA2 

0 

C 

— 3A'm 

2^a1 

■^m 

— 3A"b2 

■^2 

O 

D 

2KA8 

KB2 

— AT2 

«AJ 

Kbs 

— Wg&a  :  6/i 

E 

KAS! 

-3A'A., 

->A2 

*rt 

~ 3KAS 

KA3 

0 

F 

■^Ba 

— 3ii:B2 

2iva3 

-^B2 

— 3A"b3 

*B3 

0 

Similar  equations  for  intervening  stories 


u 

2A'AY 

KI!Y 

-JVV 

2KAY 

KBY 

— WYfty  :  BE 

V 

*'ay 

-3KAY 

•'ay 

K.Y 

-»«AZ 

Kaz 

0 

w 

KBY 

-3ABY 

2KaV 

■'Bf 

— 3/Cl!Z 

kBz 

0 

X 

2KAZ 

KBZ 

~^Z 

2*AZ 

KBZ 

— jrzftz  1 6B 

Y 

KAZ 

~3*AZ 

*AZ 

*aZ 

0 

Z 

KBZ 

— 3A'liZ 

2/CaZ 

'BZ 

o 

Three-Span  Bent 
rilGH. 


Right-Hand 

Member 
of  Equation 

a 

Ston 

X 

Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

3 
a- 
W 

«i 

4 

0BX 

RY 

#AY 

^BY 

Rz 

Oaz 

&BZ 

t 

Story  Height 

A 

-AT, 

2A_ 

—W^^QE 

B 

— 3AU 

/I 

0 

C 

— 3Am 

K_ 

= 



O 

D 

2K_ 

-W.2h.z^6E 

E 

K_ 

O 

F 

[ 

0 

u 

V 

w 

_ 

X 

Y 

[ 

z 

2At 


-3A, 


— 3AT 


2A, 


-/.,- 


2K, 


Jnv+K,, 


-3  A, 


-3At 


~Nz 

-3K, 


-3At 


2A, 


JV.7.+  KY 


—WyhY+6E 


Table  3. 

General  Equations  for  a  Symmetrical  Three-Span   Bent 
Any  Number   of   Stories  High. 


Left-Hand  Member  of  Equation 

Rkht-Hand 

a 
o 
•3 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  N.  .  X 
(Second  from  Top) 

Story  No.  Y 
(Not  to  Top) 

Btorj  No.  Z 

i  bop) 

ol  liquation 

3 

W 

R] 

*ai 

Hi 

*l 

0AS 

"li-: 

*| 

#AS 

#BS 

*x 

»AX 

"|IX 

*! 

»A\ 

''\:\ 

Ra 

<Y. 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-»l 

**A1 

"*» 

n  ,;.■,    ur 

B 

-3*A. 

•'a, 

*.. 

~3KAi 

K.\% 

0 

C 

— 3K,„ 

K.l 

^ui+^'hi 

~3K\ii 

KM 

0 

D 

«A« 

giCM 

-N, 

«AI 

ucn 

— wth^an 

E 

*AJ 

-3KA, 

'a. 

«u 

— 3A'V) 

A'  \:t 

0 

F 

Kg, 

K«l 

*B«     *M 

-3A'i« 

Kw 

0 

Similar  equations  for  intervening 


u 

»*A1 

UC„ 

-.vv 

«AT 

2K„V 

11  |  *  ,     '■' 

V 

*AY 

-«At 

'at 

*.Y 

-«AZ 

«az 

0 

w 

KBT 

-3K„V 

«.Y 

'BT  1  KUV 

_3Kli/. 

Kli/. 

0 

X 

«AZ 

«BZ 

-"/. 

2*AZ 

»*BZ 

— Wzhz    6J5 

Y 

*A/. 

-»*AZ 

J 
A 

*./. 

O 

Z 

A'li/. 

~3AIIZ 

*.Z 

yii/.  •  A'l,Z 

0 

T 

Right-Hand 

§ 

St                 Story  No.  Y 
btor>           (Next  to  Top) 

Story  No.  Z 
(Top) 

of  Equation 

a) 

cr 

Ri 

»A1 

*AY 

#BY 

0CY 

*z 

#AZ 

#BZ 

0CZ 

A 

— vi 

2*A1 

— Wjftj^6E 

13 

-3KA1 

•'a. 

— 

0 

C 

— 3XB1 

Kal 

0 

D 

-3K,., 

0 

E 

2KA2 

— W2fc2^6E 

F 

«A2 

0 

G 

.. 

0 

H 

-- 

O 

S 

-- 
-- 

2KAY 

2KBY 

«CY 

—\\\hY  : -flE 

T 

■'ay 

X»Y 

-3^'az 

KAZ 

o 

U 

K.y 

■>by 

*bY 

-^«BZ 

KBZ 

0 

V 

2KbY 

•'CY 

-3*CZ 

A'cz 

0 

w 

2KAZ 

2*BZ 

KC7. 

-*z 

2K,/V 

2A*BZ 

Krz 

— WzfezH-6E 

X 

K\Z 

— 3KAZ 

J  \7. 

XaZ 

KbZ 

0 

Y 

KBZ 

— 3KBZ 

KaZ 

■'bz 

O 

Z 

KCZ 

— 3XCZ 

2KbZ 

JC7. 

0 

Table  4. 

General  Equations  for  a  Symmetrical  Four-Span  Bent 
Any  Number  of  Stories  High. 


Left-Hand  Member  of  Equation 

Right-Hand 

Member 
of  Equation 

1 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
( Second  from  Top ) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

a 

*I 

»A1 

#B1 

oc, 

K2 

*A2 

*BS 

0C8 

*s 

#A3 

#B3 

#03 

*X 

<?AX 

#BX      I     #CX 

RY 

#AY 

#BY 

*CY 

RZ 

#AZ 

#BZ 

«oi 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-vi 

2*« 

2KBl 

A'C1 

— WjAjH-6E 

B 

-5KA! 

-'a, 

«.l 

— 3KA2 

KA2 

0 

C 

— 3KBl 

*»1 

•'bi 

KM 

-3KBa 

*B2 

0 

D 

— 3K,,, 

2*i„ 

7C1 

-3KC, 

*P2 

0 

E 
F 
G 

H 

*«A2 

2*B2 

Kf2 

-W, 

2KA-l 

2KB2 

KC2   ' 

— W.,A.,^6E 

*A2 

-3KA8 

'as 

Xa2 

~3/CA3 

KA3 

0 

«■ 

— 3^B2 

*a2 

'b2 

XbS 

_3KB3 

XB3 

0 

Kce 

-3KC2 

«M 

'C2 

_3iCC3 

•^03 

0 

Similar  equations  for  intervening  stories 


- 

2KXY 

2A'by 

KCY 

~Ny 

2KAy 

2KBT 

K0T 

— WY*T-i-6E 

T 

*AT 

-3A'ay 

■>at 

KaY 

— 3XAZ 

a'az 

0 

D 



Knr 

— 3A'BV 

Kay 

'bt 

KbT 

— 3KBZ 

KBZ 

0 

. 

KCY 

—3KCY 

2KbY 

/CY 

— 3KCZ 

Kcz 

0 

w 

2K:az 

2KBZ 

xcz 

-*z 

2A'./Y 

2KBZ 

Kcz 

— Wz  A  z-h6E 

X 

*az 

-3«AZ 

J  \l 

*.Z 

0 

V 

KBZ 

— 3KBZ 

KaZ 

'BZ 

Kb7. 

0 

z     | 

Kcz 

— 3KCZ 

2*bZ 

JC7. 

0 

r 

Right-Hand 

Member 
of  Equation 

a 
o 

la 

3 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

w 

#AY           #HY 

<?CY 

RZ 

#az 

0-az 

Oct, 

A 

- 

-: 

— Wyh^m 

B 

0 

C 

o 

D 

0 

E 

- 

—Wih2-^6E 

P 

0 

G 

o 

H 

o 

s 

: 

- 

2KAY 

2KBY 

2A-(-,Y 

— WykY+6E 

T 

« 

•^AY 

K*Y 

-3KV/ 

AAZ 

o 

U 

I 

«aY 

■'by 

KhY 

— 3KBZ 

*BZ 

0 

V 

: 

- 

Kby 

7CY+Acy 

-3X(V 

Kcz 

O 

w 

2*AZ 

2*BZ 

2Kc,y 

-^z 

2A'az 

2KBZ 

2KCZ 

— W7jhz-^-6E 

X 

K.\y. 

-3KAZ 

J  \7. 

*«Z 

O 

Y 

a'bz 

— 3KBZ 

Kaz 

•^BZ 

XhZ 

O 

Z 

KCZ 

-3XCZ 

KbZ 

■'cZ+^cZ 

O 

• 

Table  5. 

General  Equations  for  a  Symmetrical  Five-Span  Bent 
Any  Number  of  Stories  High. 


Left-Hand  Member  of  Equation 

Richl-Han.l 

1 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No  Y 
(Nest  to  Top) 

Story  No.  Z 
i  Top  i 

Member 

H 

*1       1     *A1 

*«l               "ci 

R, 

SA2            #82 

»08 

«3 

^A3            ^B3 

*C3 

«x 

*AX          #BX          "ex 

Rv 

«AV       |      CBy 

Act 

R7. 

SAZ 

«BZ 

»oz 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

— N1 

2*A1 

2Km 

2A,,, 

—  II',  *,  -:  f.E 

B 

— 3KA] 

JA1 

A"n, 

— 3/C,., 

KiS 

0 

c 

— 3A'B, 

A'-i 

'„, 

KIJ 

— 3KB! 

KI« 

O 

D 

— 3X0, 

A',,, 

/,  ,+  A'„, 

— 3K,  .„ 

K,  a 

0 

E 

2  A  v. 

2A-B„ 

2Krs 

~Nl 

2/vAJ 

2KK2 

2  A,.., 

— »'a*.;+6E 

F 

A'A2 

— 3A  42 

^AS 

K«a 

— 3K_„ 

KA3 

0 

G 

KBS 

-3A"B, 

K.2 

^B2 

"m 

-3R"l« 

KB3 

0 

H 

Kr> 

— 3A',.a 

Kb! 

^,..,+K,.2 

— 3Kra 

*CS 

0 

Similar  equations  for  intervening  stories 


s 

I 

2KAV 

2KBY 

2A,,Y 

-wT 

2KAY 

2A'BY 

2A,,y 

—WYh  v  .  SB 

T 

KAY 

-3KiY 

'ay 

AaV 

-3A'V/ 

A'4Z 

0 

U 

KBY 

-3A',1Y 

KaV 

''by 

K„Y 

— 3A'BZ 

ABZ 

0 

V 

I 

A'(.v 

-3A",.Y 

K„v 

J0y+KoT 

— 3A,,Z 

A',.z 

0 

W 

I 

2KAZ 

2KBZ 

2A„Z 

-Wg 

2«AZ 

-Kl-.Z 

2A',.Z 

-irz/iz+6£ 

X 

I 

KA2 

— 3KAZ 

Jtf. 

A„Z 

0 

Y 

I 

I 

AUZ 

-"Mi/. 

A'nZ 

JRy, 

A"„z 

o 

Z 

I 

I 

KCZ 

— 3A',.Z 

Kh7. 

JCZ+Kc7. 

0 

cal  Single-Span  Bent 
High. 


o, Jry  No.  X 
bt,fi  from  Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

«i 

WaX 

#BX 

RY 

"ay 

*BY 

*z 

»AZ 

#HZ 

n  to  Story  Height 


c 


Right-Hand 

Member 
of  Equation 


— 3K, 


— 3Kt 


-PFA- 

-6£ 

0 

0 

-^A- 

-6E 

o 

U 

=1 — 

KAY 

KBY 

-iVY 

AAY 

ABY 

— WYhY+6E 

V 

AAY 

-3KAT 

'ay 

AaY 

— 3KAZ 

AAZ 

0 

w 

KBY 

— 3KKY 

KaY 

'by 

~3ABZ 

ABZ 

0 

X 

KAZ 

a'bz 

-*z 

AAZ 

ABZ 

— Wzh7^QE 

Y 

AAZ 

— 3AAZ 

'az 

AaZ 

0 

z 

ABZ 

— 3ABZ 

AaZ 

'bz 

0 

Table  6. 

General  Equations  for  an  Unsymmetrical  Single-Span  Bent 
Any  Number  oe  Stories  High. 


Left-Hand  Member  of  Equation 

Kight-Huul 

1 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

of  liquation 

r? 

S, 

#A1 

0B1 

i?2 

»A2 

#Ba 

R3 

9A3 

#B3 

*x 

"ax 

0BX 

RY 

«„ 

»HY 

H 

«AZ 

"bz 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-TV, 

KA1 

KBI 

-W,*l  1  BE 

B 

— 3KA1 

J.\i 

Xal 

— 3A'A2 

KA« 

0 

C 

— 3KB1 

Kal 

-^Ul 

— &Km 

KBS 

0 

D 

KA2 

A',,,, 

—N2 

A"  v2 

KBS 

— H'2*2-:-6E 

E 

KA2 

— 3KA2 

'a* 

K.s 

~3KM 

XAS 

0 

F 

KB2 

— 3KB2 

Ko2 

^H2 

— ZKm 

KB3 

0 

Similar  equations  for  intervening  s 


u 

1 

*  AY 

K1IY 

-.vv 

«AY 

^IIV 

-ii'y*y  -: «;•: 

V 

1 

KAY 

-3«ATT 

7AY 

*.Y 

-3A',Z 

*AZ 

0 

w 

1 

KBY 

— 3A'Hy 

X,Y 

■'by 

— 3A-,,Z 

-»z 

KAZ 

KBZ 

0 

X 

Ki!S 

KBZ 

KBZ 

-irz/iz:o/i 

Y 

*AZ 

-»KAZ 

■>AZ 

Ka7 

0 

Z 

| 

KBZ 

— 3KBZ 

K.Z 

JK/. 

0 

an  Bent 

Right-Hand 

Member 
of  Equation 

a 

Story  No.  Y 

(Next  to  Top) 

Story  No  Z 
(Top) 

C8 

3 

5 

*i 

;. 

A'y 

"av 

^IIV 

*cy 

*z 

#AZ 

#BZ 

*CZ 

Height 

A 

— x\ 

— Wj/jj-^E 

B 

-3KU 

O 

c 

— 3KK1 

0 

D 

— 3/H'l 

O 

E 

— PFgA8-5-6fi 

F 

O 

G 

O 

H 

O 

s 

k 

-A\ 

Kay 

a'by 

A-(.v 

— PTYftT-4-6E 

T 

-3/CAY 

•'av 

«aY 

- 3KAZ 

KAZ 

0 

U 

-3KyA. 

«»Y 

KBY 

AbY 

~ 3Abz 

a'bz 

0 

V 

-3K(.y 

*bY 

7,.Y 

-3KCZ 

KCZ 

0 

w 

«AZ 

KBZ 

*CZ 

-^z 

KAZ 

ABZ 

KV7. 

— Wz/iz-^6E 

X 

A'.\Z 

— 3/CAZ 

•^AZ 

A"aZ 

O 

Y 

, 

ABZ 

— 3A'bz 

«aZ 

^BZ 

KbZ 

o 

Z 

«CZ 

-3*CZ 

«bZ 

A'z 

o 

• 

Table  7. 

General  Equations  for  an  Unsymmetrical  Two-Span  Bent 
Any  Number  of  Stories  High. 


Left-Hand  Member  of  Equation 

Right-Hand 

Member 
of  Equation 

1 

Story  No .  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
( Second  from  Top ) 

Story  No.  Y     . 
(Next  to  Top) 

Story  No  Z 
(Top) 

w 

Rl            »A1           »B1           flCl 

A\,         0A2          0I!3         ea 

^3            <?A3           #B3           #03 

RX           *AX            »BX          »CX 

*Y          S.tv         "by        "cv 

Rz         0\y.         "bz 

flcz 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

— N} 

KA] 

a'bi 

K0, 

j               | 

— U,/i  ,  +  G/! 

B 

— 3KA1 

7A, 

Knl 

— 3KAt 

KA2 

0 

C 

-3KM 

Aal 

-'bi 

Kbl 

— 3A'|!3 

KIK 

0 

D 

— 3/C,., 

Kb] 

yci 

— 3KC2 

*CS 

0 

E 

K*a 

KBS 

Koa 

— ^8 

KAS 

KR2 

*C2 

— Wsht+tE 

F 

A'A2 

-3AA2 

"'m! 

««2 

— 3KA3      KA3 

0 

G 

A'|i2 

-3KBa 

*.!! 

'l» 

*M 

— 3KB3  | 

Kia 

0 

H 

K(.„ 

— 3A'(,„ 

«B!! 

y,,2 

— 3Koa  j 

A\'3 

0 

Similar  equations  for  intervening  atones 


s 

KAY 

KBY 

K,,y 

-w, 

A' AY 

KBY 

A',.v 

II',  ft  j  :  Bfi 

T 

*AY 

— 3KU. 

-'ay 

f.v 

— 3A  vz 

A'  v/ 

0 

U 

KKV 

— 3KIIY 

K.y 

*BY 

*UY 

^ 3A:BZ 

«BZ 

0 

V 

K01 

— 3A',,V 

A1.Y 

Ay 

— 3A',.Z 

*CZ 

0 

w 

XAZ 

K\:y. 

«oz 

-»Z 

«4Z 

KBZ 

Koz 

— WyJty+UE 

X 

KAi! 

— 3KAZ 

•'aZ 

K.Z 

0 

Y 

Km 

—3KV.7. 

K«/. 

JBZ 

A'„z 

0 

z 

A',,z 

— 3A,.Z 

A'hZ 

A'Z 

0 

a 
o 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

Right-Hand 
Member 

a 
B 
u 

*AY 

Ojn 

l 
0t.Y   1    tf|,v 

RZ 

0AZ 

#kz 

&CZ 

®t>z 

of  Equation 

A 

- 

—U^h^GE 

B 

O 

C 

- 

0 

D 

o 

E 

. 

0 

F 

— PT2fc2-5-6£ 

G 

O 

H 

— 

o 

I 

0 

J 

o 

Q 

V 

*ay 

KBY 

*CY 

KDY 

— PFyAyh-6E 

R 

BY 

*XY 

K.Y 

-3«AZ 

KAZ 

O 

S 

KaV 

•'BY 

KhY 

— 3KHZ 

KBZ 

0 

T 

!Y 
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Table  8. 


General  Equations  for  an  Unsymmetrical  Three-Span'  Bent 
Any  Number  of  Stories  High. 


Left-Hand  Member  of  Equation 

1 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
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Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
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Table  9. 


General  Equations  for  an  Unsyhmetrical  Four-Span  Bent 
Any  Number  of  Stories  High. 
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Rtory  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 

Stones 

Story  No.  X 
(Second  from  Top) 

Story   No    Y 
( Nut  to  Top ) 

Story   No.  '/, 
(Top) 

i 

R,     1     eu         0m         U,.,         l)lH         ea 

R!          »Al          »m          Oft          6,,.,          $E) 

A?              "A3              "»8              "C3        1       "l>3              "i:3 

AX          "ax         "bx         fyjX          "ux         "ex 

A'v 

"AY          "l!V 

"l'Y           "l.Y           hi 

K7.         t>,\7.        "uz         "iz         <>m        "kz 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

~N\ 

K  ,, 

K\l 

K0| 

/c ,,, 

A'n 

II  ,»,     SJ 

B 

-3K*, 

J.M 

Ka\ 

— 8KAS 

AA., 

O 

C 

3Km 

K.l 

'ill 

A'ln 

— 3Kns 

KB« 

o 

D 

~'-'Kr\ 

'•m 

/(,, 

K,„ 

— 3K(»; 

KC1 

o 

E 

-■iK\n 

K,i 

'ill 

K,ll 

— SKD8 

A'iw 

0 

F 

::/>    , 

Kill 

J ,.., 

_3Kl« 

Km 

0 

G 

KM 

KKl 

KCl 

«US 

KKZ 

— JVS 

KAS 

KB8 

/.,... 

K,„ 

KK, 

— W,*,+6E 

H 

KA2 

'  ,. 

Ko! 

— 3KA, 

KAS 



0 

I 

Km 

-3Kltt 

K„ 

■'hi 

KM 

— 3K|!:, 

KB8 

0 

J 

K,.a 

— SK,  a 

K  |l8 

'oi 

Kcs 

— 3K0S 

Kra 

0 

K 

KD! 

:"V: 

Koa 

Jlw 

A',l= 

-:',/v|i: 

KD, 

0 

L 

Kn 

-3KK2 

KJa 

'ra 

-3KK:l 

KE3 

0 

Similar  equations  for  in 

tcrv 

*ning  stories 

0 

KIY 

KHY 

Kcv 

KDT 

KKY 

— wY 

KAY 

K,,v 

Kqy 

Kl>\ 

Kn 



ii  |  /. ,    gj 

p 

KAV 

-3KAY 

7AV 

kbT 

-8KAZ 

K\7. 

0 

Q 





KI!Y 

-3KI1V 

K,T 

■'llY 

K,,v 

-8KBZ 

KltZ 

o 

It 

Kov 

— 3K,.y 

xn 

y,.Y 

A',,v 

-3K,„, 

Koz 

0 

S 

KDY 

-3K„V 

KoY 

'dy 

Kdy 

— 9KDZ 

Knz 

0 

T 

^BY 

-3KKV 

KdY 

jkv 

-1KKZ 

KBZ 

0 

H 

*A7. 

K\a 

Koz 

A'nz 

KK7. 

—N., 

K\7. 

Al:z 

K,  ,z 

KDZ 

Kr.7, 

— II'ZAZ:  61'. 

V 

KAZ 

—»KAZ 

J.\7. 

h  „  , 

w 

KK/ 

-™'„z 

K„z 

y„z 

KllZ 

X 

Koz 

:-./..,  , 

KbZ 

Ay. 

K,y. 

Y 

Kl« 

-8KDZ 

x,z 

J\r/. 

\|Z 

7. 

KEZ 

— 3KEZ 

KJZ 

yKZ 

)NS    FOI 

*y  Nui 

II 

Left  Har 

Right-Hand 

Member 

of  Equation 

a 
2 
"3 

Story  No.  Z 
(Top) 

c 

Ri 

#F3 

#KY 

Rz 

*AZ 

*BZ 

#CZ 

0\-z 

#EZ 

hz 

lown  Slop 

A 

— .V 

-W1h1~6E 

B 

-3K 

— 3K 

0 

C 

O^ 

D 

— 3K 
^3~K 
-3K 

- 

0 

E 

O 

F 

O 

G 

0 

H 

- 

-Wr8*2-6£ 

I 

O 

J 

0 

K 

0 

L 

o 

M 

o 

N 

Kw 

0 

lar  equati 

M 

L 

KFY 

— WYkY+6E 

N 

-3KAZ 

KAZ 

O 

0 



~ 3KBZ 

XBZ 

O 

P 

-3KCZ 

Kcz 

0 

Q 

~3KDZ 

KD7, 

0 

R 

*eY 

— 3KBZ 

KEZ 

0 

S 

■'FY 

—3KF7 

KFZ 

0 

T 

XFZ 

-Nz 

KAZ 

XBZ 

Kcz 

K\>Z 

XEZ 

KYZ 

-Wzhz+6E 

U 

~ ^AZ 

'aZ 

*aZ 

0 

V 

—3KBZ 

*.Z 

JBZ 

*bZ 

o 

w 

~ 3XCZ 

KbZ 

JC7, 

*cZ 

0 

X 

— 3KDZ 

*cZ 

-^DZ 

XdZ 

o 

Y 

— 3XEZ 

KdZ 

^EZ 

KeZ 

0 

Z 

KFZ 

— 3KFZ 

KeZ 

J¥Z 

0 

General  Equations  for  an  Unsymmetrical  Five-Span  Bent 
Any  Number  or  Stories  High. 


Left  Hand  Member  of  Equation 

RjSht-Hand 

1 

Stay  No.  1 

Star  No.  2 

Story  No.  3                                                   Intervening 
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bent  was  tested  and  the  measured  deflections  and  changes  in  the  slopes 
were  compared  with  the  same  quantities  calculated  by  the  above  equa- 
tions. As  the  entire  model  was  cut  from  a  sheet  of  celluloid  the  joints 
were  perfectly  rigid.  The  results  of  the  tests  are  given  in  Fig.  15. 
The  fact  that  the  measured  and  computed  deflections  and  changes  in 
the  slopes  agree  very  closely  indicates  that  the  above  anatysis  is  correct. 
A  solution  of  a  numerical  problem  illustrating  the  use  of  the 
equations  in  Table  3  is  given  in  Section  VII. 

VII.       Numerical  Problem. 

13.  Determination  of  the  Stresses  in  a  Symmetrical  Three-Span 
Twenty-Story  Bent.— Fig.  5  shows  a  symmetrical  three-span  bent  twenty 
stories  high.  The  bent  resists  a  horizontal  wind  load  of  30  lb.  per  sq.  ft. 
on  a  vertical  strip  one  foot  wide.  It  is  required  to  find  the  moment  and 
the  shear  in  the  columns  and  girders  and  the  direct  stress  in  the  columns. 

The  properties  of  the  girder  and  column  sections  are  shown  in  Table 
11,  page  48.  The  equations  of  Table  3  are  applicable.  The  numerical 
values  of  the  constants  in  these  equations  are  given  in  Table  12.  Table 
13  contains  the  equations  of  Table  3  with  the  substitution  of  the 
numerical  values  of  the  constants  given  in  Table  12.  The  figures  given 
in  the  right-hand  column  are  coefficients  of  .0001  as  indicated  at  the 
head  of  the  column;  that  is,  the  right-hand  members  of  the  equations 
are  equal  to  .0001  times  the  numbers  in  the  right-hand  column.  This 
method  of  writing  the  right-hand  members  of  the  equations  obviates  the 
necessity  of  repeating  a  large  number  of  ciphers. 

The  unknown  quantities  in  the  equations  of  Table  13  are  eliminated 
in  Table  14.  The  quantity  R1  appears  in  the  first  three  equations  of 
Table  13  only.  Dividing  each  of  these  equations  by  the  coefficient  of 
Rx  gives  the  three  equations  A,  B,  and  C  of  Table  14,  in  all  of  which 
the  coefficient  of  R1  is  equal  to  plus  unity.  Combining  these  latter 
equations  as  indicated,  that  is,  subtracting  equation  B  from  A  to  get 
equation  (A  — B)  and  subtracting  equation  C  from  B  to  get  equation 
(B  —  C),  gives  two  new  equations  from  which  Rx  has  been  eliminated. 
Reducing  the  coefficients  of  the  left-hand  terms  of  equations  (A  — B) 
and  (B  — C)  to  plus  unity  gives  equations  1  and  2  of  Table  14.  Equa- 
tions D  and  E  of  Table  13  have  also  been  reduced  so  that  the  coefficients 
of  the  left-hand  term  of  each  are  equal  -to  plus  unity.  They  are  re- 
written in  their  new  form  as  equations  D  and  E  in  Table  14.  Combin- 
ing the  four  equations  1,  2,  D,  and  E,  as  indicated  in  Table  14,  eliminates 
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Wind  Load  due 
to  a  Pressure 
of 30  lb \per so.     [^ 
ft  acting  on  a 
Vertical  Strip 
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Fig.  5.    Symmetrical  Three-Span  Bent,  Twenty  Stories   High. 
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the  left-hand  term,  0Al.  By  continuing  this  process  all  the  unknown 
quantities  arc  eliminated  except  the  last,  or  6B20.  Its  value  thus 
becomes  known  and  is  found  to  be  .0338  X  .0001  radians.  With  the 
value  of  0B2o  known,  the  value  of  0A2O  can  be  determined  from  equa- 
tion 153.  With  0b2o  and  0A2O  both  known,  the  value  of  R20  can  be 
determined  from  equation  150.  The  other  values  of  8  and  R  can  be 
determined  in  a  similar  manner. 

The  process  of  determining  the  values  of  6  and  R  is  given  in 
Table  15.    The  equations  used  are  taken  from  Table  14. 

As  in  Tables  13  and  14,  the  right-hand  member  is  equal  to  the 
number  in  the  column  at  the  right  multiplied  by  .0001.  To  illustrate, 
equation  150  is 

R.,0  -  .2702  0A2O  —  .2993  0B2O  =  .0735  X  .0001. 

The  left-hand  term  of  the  left-hand  member  of  each  equation  is 
the  unknown  which  is  to  be  determined.  The  first  line  in  each  group 
is  the  algebraic  form  of  the  equation;  and  the  successive  lines  are  the 
numerical  values  of  the  corresponding  terms.  For  example,  equation 
155   is 

0B2o  =  -0338  X  .0001  or  .00000338. 

Again,  equation  153  is: 

0A2O  —  .0443  0b2O  =  -0502  X  .0001. 

From  the  preceding  equation 

.0443  0B2o  =  -°443  X  .00000338  =  .0015  X  .0001. 

The  sign  of  this  quantity  as  a  term  of  the  left-hand  member  was 
negative,  and  the  term  will,  therefore,  be  positive  after  it  has  been 
transferred. 

Equation  153  now  becomes 

0A2O  =  .0502  X  .0001  +  .0015  X  .0001  =  .0517  X  .0001, 
as  indicated  in  the  last  line  of  the  group  containing  equation  153. 
Equation  150  contains  R20,  0A2O,  and  0B2O;  Dut  ^a20  an^  0b2O  nave 
been  determined  by  equations  153  and  155,  respectively,  therefore  R20 
can  be  determined  by  equation  150.  Similarly,  equation  147,  contain- 
ing 0B]3  and  the  three  known  quantities,  R20,  6A20,  and  0B2O  can  ^e 
used  to  determine  8Bl9-  Equation  147  differs  from  the  preceding  equa- 
tions in  that  it  contains  both  positive  and  negative  terms  in  the  left- 
hand  member.  The  second  term  of  the  left-hand  member,  being  nega- 
tive, when  transferred,  is  added  to  the  right-hand  member.  The  sum 
of  the  two  quantities  is  .0890  X  .0001.  Since  the  third  and  fourth  terms 
of  the  left-hand  member  are  positive,  their  sum,  when  transferred,  is 
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subtracted  from  the  quantity  above.  The  final  form  of  the  equation  is : 
#bio  —  .0835  X  .0001.  In  a  similar  manner  the  other  slopes,  6,  and 
the  ratios  of  the  deflection  to  the  story  height,  R,  can  be  determined. 
6  is  expressed  in  radians,  and  R  is  an  abstract  quantity. 

The  tabulation  of  the  calculations  as  shown  in  Tables  14  and  15 
facilitates  the  solution  of  a  large  number  of  equations.  There  are  how- 
ever a  number  of  practical  considerations  which  should  be  borne  in 
mind  when  solving  a  problem  by  this  method. 

An  error  at  any  point  affects  all  of  the  calculations  which  follow. 
It  is  therefore  desirable  to  have  two  computers  carry  on  the  work  simul- 
taneously and  compare  results  at  frequent  intervals  in  order  to  avoid 
the  loss  of  time  due  to  errors. . 

A  number  of  combinations  can  be  made  from  each  group  of  equa- 
tions. It  is  desirable  to  combine  the  equations  so  as  to  make  the 
coefficient  of  the  left-hand  term  of  the  left-hand  member  of  the  resulting 
equation  as  large  as  possible  compared  with  the  coefficients  of  the  other 
terms  in  the  equation.  To  illustrate  this  point,  consider  equations  25, 
26,  and  M  of  Table  14.  If  equation  M  had  been  subtracted  from  equa- 
tion 26,  the  coefficient  of  6Bi  in  the  resulting  equation  would  have  been 
.1463  and  the  coefficient  of  R5  would  have  been  2.9027.  The  latter  is 
about  twenty  times  as  great  as  the  former.  Any  small  error  in  the 
actual  value  of  the  former  coefficient  would  be  a  large  percentage  of 
error.  This  same  percentage  of  error  would  be  introduced  into  the 
latter  coefficient  and  produce  a  large  actual  error.  With  the  combination 
of  equations  25  and  M  as  used,  the  coefficient  of  8Bi  is  1.0695  and  of 
R5,  3.4313.  The  latter  coefficient  is  only  about  three  times  as  large  as 
the  former  and  hence  the  effect  of  an  inaccuracy  in  the  value  of  the 
former  upon  the  latter  is  correspondingly  smaller  than  in  the  first  case. 

It  is  possible  in  some  cases  to  combine  the  equations  in  such  a  way 
as  to  give  equations  which  are  algebraically  independent,  but  which  are 
numerically  nearly  identical.  Combining  such  equations  gives  results 
which  are  likely  to  be  inaccurate.  Any  tendency  of  the  equations  to 
become  identities  can  be  avoided  by  changing  the  order  in  which  they 
are  combined. 

In  getting  the  values  of  the  remaining  unknown  quantities  after 
one  has  been  determined,  each  unknown  is  expressed  in  terms  of  the 
known  quantities.  By  referring  to  Table  14  it  is  seen  that  in  the  first 
equation  of  a  group  of  equations,  any  one  of  which  could  be  used  to  get 
the  value  of  an  unknown,  the  coefficient  of  the  quantity  which  is  to  be 
determined  is  larger  than  the  coefficients  of  the  known  quantities.     If 


WILSON-MANEY — WIND   STRESSES  23 

this  equation  is  used,  any  inaccuracies  in  the  known  quantities  will 
affect  the  accuracy  of  the  results  less  than  they  would  if  an  equation  had 
been  used  in  which  the  coefficient  of  the  unknown  is  less  than  the  co- 
efficient of  the  known  quantities.  The  various  equations  available  should 
be  examined  and  the  one  used  which  causes  the  least  accumulation  of 
inaccuracies. 

In  order  to  determine  the  extent  to  which  inaccuracies  in  the  cal- 
culations accumulate,  two  independent  sets  of  calculations  were  made; 
one  set  was  made  on  a  20-inch  slide  rule  and  the  other  on  a  Fuller's 
cylindrical  slide  rule.  The  two  sets  of  calculations  were  compared  at 
frequent  intervals,  and  mistakes  were  corrected;  but  no  adjustment  of 
inaccuracies  was  made.  The  maximum  variation  in  the  slopes  and 
deflections  as  determined  in  the  two  sets  of  calculations  was  very  small. 
This  indicates  that  the  calculations  can  be  made  with  a  slide  rule  without 
greater  inaccuracies  than  are  permissible. 

The  moments  at  the  ends  of  the  columns  and  girders  can  be  deter- 
mined by  substituting  the  values  of  the  deflections  and  the  slopes,  given 
in  Table  15,  in  equations  A  and  B  of  Section  V.  To  facilitate  this  work, 
the  quantities  which  occur  in  these  equations  are  given  in  Tables  16 
and  17.  The  values  of  R  and  6  taken  from  Table  15  are  given  in  the 
second,  third,  and  fourth  columns  of  Table  16;  and  the  functions  of 
the  values  of  R  and  8  which  occur  in  the  equations  are  given  in  the 
remaining  columns  of  the  same  table.  The  values  of  K  taken  from 
Table  12  are  given  in  the  second,  third,  fourth,  and  fifth  columns  of 
Table  17;  and  the  functions  of  the  values  of  K  which  occur  in  the 
equations  are  given  in  the  remaining  columns  of  the  table.  The  moments 
at  the  ends  of  the  columns  and  girders  given  by  the  fundamental  equa- 
tion, MAB  =  2EK  (20A  +  0B  —  3B),  are  the  products  of  two  factors, 
one  of  which  is  given  in  Table  16  and  the  other  in  Table  17.  The 
values  of  the  moments  are  given  in  Table  18. 

The  shear  in  any  member  is  equal  to  the  algebraic  sum  of  the 
moments  at  the  two  ends  of  the  member  divided  by  its  length.  The 
direct  stress  at  any  section  in  column  A  is  equal  to  the  algebraic  sum 
of  the  shears  in  the  girders  in  bay  a  above  the  section.  The  direct  stress 
at  any  section  in  column  B  is  equal  to  the  algebraic  sum  of  the  shears 
in  the  girders  in  bay  a  plus  the  algebraic  sum  of  the  shears  in  the 
girders  in  bay  &  above  the  section.  The  shears  in  the  columns  and 
girders  and  the  direct  stresses  in  the  columns  are  given  in  Table  19. 

The  sum  of  all  of  the  moments  at  the  top  and  the  bottom  of  all 
the  columns  in  a  story  is  equal  to  the  total  shear  on  the  story  multiplied 
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by  the  story  height.  The  algebraic  sum  of  the  moments  in  the  girders 
on  the  two  sides  of  a  column  is  equal  to  the  algebraic  sum  of  the  moments 
in  the  columns  on  the  two  sides  of  the  girder. 

The  total  shear  on  a  story  multiplied  by  the  story  height  and  the 
algebraic  sum  of  all  of  the  moments  at  the  top  and  the  bottom  of  all 
columns  of  a  story,  as  given  in  Table  18,  are  given  in  the  second  and 
third  columns  of  Table  20.  The  algebraic  sum  of  the  moments  in 
column  A  at  sections  immediately  above  and  below  the  girders  and  the 
moments  in  the  girders  in  bay  a  at  sections  adjacent  to  column  A,  are 
given  in  the  fourth  and  fifth  columns  of  Table  20.  The  algebraic  sum 
of  the  moments  in  column  B  at  sections  immediately  above  and  below 
the  girders  and  the  algebraic  sum  of  the  moments  in  the  girders  in  bays 
a  and  b  at  sections  adjacent  to  column  B,  are  given  in  the  sixth  and 
seventh  columns  of  Table  20.  The  accuracy  of  the  computations  can 
be  checked  by  comparing  the  two  values  for  the  same  quantity  as  given 
in  adjacent  columns  of  Table  20.  To  illustrate,  for  the  sixth  story,  the 
total  shear  in  the  story  multiplied  by  the  story  height  is  913,000  inch- 
pounds,  and  the  sum  of  the  moments  at  the  tops  and  bottoms  of  all 
columns  in  the  story  is  911,400  inch-pounds.  For  a  perfect  check,  the 
two  quantities  would  be  equal.  An  inspection  of  the  table  shows  that 
the  values  check  very  closely. 

The  moments  given  in  Table  18  are  due  to  a  horizontal  wind  load 
of  30  lbs.  per  sq.  ft.  acting  on  a  vertical  strip  one  foot  wide.  To  obtain 
the  moments  due  to  the  wind  load  on  any  portion  of  the  building,  multi- 
ply the  moments  in  Table  18  by  the  width  in  feet  of  the  portion  of  the 
building  on  which  the  wind  load  acts. 

VIII.     Approximate  Methods. 

14.  Nomenclature  of  Methods. — The  method  used  in  Section  VII 
to  determine  the  stresses  in  a  symmetrical  three-span  twenty-story  bent 
can  be  used  in  the  actual  design  of  a  building,  but  a  shorter  method  is 
desirable.  The  writers  propose  an  approximate  method  which  is  much 
shorter  than  the  method  used  in  Section  VII  and  which  they  believe 
is  sufficiently  accurate  to  be  used  in  the  actual  design  of  buildings.  For 
the  sake  of  convenience  in  reference,  this  approximate  method  will  be 
designated  as  the  "Proposed  Approximate  Method"  as  distinguished 
from  the  method  used  in  Section  VII,  which  will  be  designated  as  the 
"Slope-Deflection  Method."  The  slope-deflection  method  can  be  modi- 
fied to  advantage  under  certain  special  conditions.     Such  modification? 
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will  be  designated  as  "Modifications  of  the  Slope-Deflection  Method." 

15.  Proposed  Approximate  Method. — The  proposed  approximate 
method  is  based  upon  the  following  assumptions  in  addition  to  those 
used  in  the  slope-deflection  method. 

1.  The  changes  in  the  slope  at  the  top  of  a  column  in  the  story 
above  and  in  the  story  below  the  one  in  which  the  stresses  are  to  be 
determined,  are  equal  to  the  change  in  the  slope  at  the  top  of  the  corre- 
sponding column  in  the  latter  story. 

2.  The  ratio  of  the  deflection  to  the  length  of  the  columns  in  the 
story  above  the  one  in  which  the  stresses  are  to  be  determined,  is  equal 
to  the  ratio  of  the  deflection  to  the  length  of  the  columns  in  the  latter 
story. 

In  other  words,  in  determining  the  stresses  in  the  second 
story,  6Al  and  6Az  are  assumed  to  be  equal  to  6A2;  #bi  and  0Ba  are  as- 
sumed to  be  equal  to  6B2;  and  R3  is  assumed  to  be  equal  to  R2.  Also, 
in  figuring  the  stresses  in  the  third  story  8A.2  and  6Ai  are  assumed  to 
be  equal  to  8A3;  0B,  and  6Bi  are  assumed  to  be  equal  to  0B3;  and  R± 
is  assumed  to  be  equal  to  R3.  This  does  not  mean,  however,  that  the 
values  of  0A2,  8B2,  and  R2  used  in  determining  the  stresses  in  the  sec- 
ond story  are  equal  to  the  values  of  6Az,  6B3,  and  R3  respectively,  used 
in  determining  the  stresses  in  the  third  story. 

An  examination  of  the  equations  in  Table  3  shows  that,  if  assump- 
tions 1  and  2  were  true,  three  equations  containing  only  three  unknown 
quantities  could  be  written  for  each  story  of  the  bent.  To  illustrate, 
consider  the  equations  for  the  second  story.  In  accordance  with  assump- 
tions 1  and  2, 

0\i  —  0A2  =  0A3 

6Bl  —  $B2  =  ^B3 

R2  —  R3 

Substituting  6A2  for  8Al  and  6A3,  6B2  for  0Bl  and  8B3,  and  R2 
for  R3  in  equations  D,  E,  and  F  of  Table  3  gives : 

W  h 
-N2R2  +  ±KA2dA2+4KB20B2    =  -  ^p   (1) 

-  3  (KA2  +  KA3)  R2  +  (KA2  +  JA2  +  KAz)  6A2  +  Ka29B2  =  0 (2) 

-  3  (ZB2  +  KB3)  R2  +  Ka20A2  +  (KB2  +  JB2  +  Kb2  +  KB3)  6B2  =  0 . .  (3) 
These  equations  have  been  written  for  the  second  story.  Similar  equa- 
tions can  be  written  for  any  other  story  by  making  the  proper  changes 
in  the  subscripts. 

Equations  1,  2,  and  3,  obtained  from  the  equations  in  Table  3,  can 
be  used  in  determining  the  stresses  in  a  symmetrical  three-span  bent 
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any  number  of  stories  high.  If  similar  changes  are  made  in  the  equa- 
tions of  Tables  1  to  10  inclusive,  groups  of  equations  can  be  obtained, 
one  for  each  bent,  which  can  be  used  to  determine  the  stresses  in  any 
story  of  symmetrical  bents  of  from  one  to  five  spans  and  also  of  unsym- 
metrical  bents  of  from  one  to  five  spans. 

The  sum  of  the  moments  at  the  tops  and  bottoms  of  all  columns  of  a 
story  is  equal  to  the  total  shear  in  the  story  multiplied  by  the  story 
height.  The  distribution  of  this  moment  to  the  ends  of  the  columns 
depends  upon :  first,  the  ratio  of  the  X  of  column  A  to  the  X  of  column 
B;  second,  the  ratio  of  the  X  of  column  A  to  the  X  of  girder  a;  and  third, 
the  ratio  of  the  X.  of  girder  a  to  the  X  of  girder  b. 

The  distribution  of  the  moment  was  determined  in  a  number  of 
bents  for  which  the  ratios  of  the  X  of  column  A  to  the  X  of  column  B, 
the  X  of  column  A  to  the  X  of  girder  a,  and  the  X  of  girder  a  to  the  X 
of  girder  b  had  different  values.  Diagrams  showing  the  distribution  of 
the  moment  in  these  bents  also  give  the  distribution  of  the  moment  in 
other  bents.  The  curves  in  Figs.  6,  7,  and  8  show  the  distribution  of 
the  moment  in  symmetrical  three-span  bents.  In  Fig.  6,  the  curves  in 
group  I  show  the  moment  at  the  top  and  the  bottom  of  column  A  in 
bents  in  which  the  X  of  column  A  and  the  X  of  column  B  are  equal. 
The  abscissae  represent  the  ratios  of  the  X  of  girder  a  to  the  X  of  girder 
b ;  and  the  ordinates  represent  the  moment  at  the  top  and  the  bottom  of 
column  A  in  per  cent  of  W  X  h.  Beginning  at  the  top  and  reading  down, 
the  curves  are  for  bents  for  which  the  ratio  of  the  X  of  column  A  to 
the  X  of  girder  a  equals  0.5,  1,  2,  and  4  respectively.  The  moment  in 
column  A  of  a  bent  for  which  the  ratio  of  the  X  of  column  A  to  the  X 
of  girder  a  has  any  intermediate  value  can  be  determined  by  interpola- 
tion. 

The  curves  in  groups  II,  III,  IV,  and  V,  of  Fig.  6,  when  used 
with  the  curves  in  group  I,  give  the  moment  at  the  top  and  the  bottom 
of  column  A  in  bents  in  which  the  K  of  column  A  and  the  K  of  column 
B  are  not  equal.  The  curves  in  groups  II,  III,  IV,  and  V  are  for  bents 
for  which  the  ratio  of  the  X  for  column  A  to  the  K  for  girder  a  equals 
4,  2,  1,  and  0.5,  respectively.  Beginning  at  the  left  of  each  group  and 
reading  to  the  right,  the  curves  are  for  bents  for  which  the  ratio  of 
the  X  for  column  A  to  the  X  for  column  B  equals  0.5,  1,  and  2,  re- 
spectively. 

The  moment  at  the  top  and  the  bottom  of  column  A  can  be  ob- 
tained from  the  diagram  in  Fig.  6  in  the  following  manner: 

First  consider  the  moment  in  a  bent  in  which  the  X  of  column  A  is 
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K*  KA 

equal  to  the  K  of  column  B.    Determine  the  value  of  and  of  -r=—. 

Use  the  curves  in  group  I.    Trace  a  vertical  line  whose  abscissa  equals 

K  K 

a  ■  until  it  intersects  the  curve  corresponding  to  the  value  of  -^-. 

K\>  Kg. 

Project  the  point  of  intersection  horizontally  to  the  left  and  read  the  mo- 
ment in  per  cent  of  TV  X  h  from  the  vertical  scale.  As  TV  and  Ji  are 
known  quantities  the  moment  is  determined. 

Next  consider  the  moment  in  a  bent  in  which  the  K  of  column  A 

K     K 
and  the  K  of  column  B  are  not  equal.    Determine  the  value  of  -=-,-=—, 

K\>    && 

and  -jir-.    First  use  the  curves  of  group  I.    Trace  a  vertical  line  whose 

abscissa  equals  -^A-  until  it  intersects  the  curve  corresponding  to  the  value 
■ab 

of  -jp— .     Project  the  point  of  intersection  horizontally  to  the  right  to  the 

group  of  curves  corresponding  to  the  value  of  -z—  until  it  intersects  the 

jr 

particular  curve  of  this  group  corresponding  to  the  value  of -^-.    Project 

-A-B 

this  intersection  point  vertically  downward  and  read  the  moment  in  per 
cent  of  TV  X  h  from  the  horizontal  scale. 

Similarly,  the  moments  at  the  top  and  the  bottom  of  column  B 
can  be  obtained  from  Fig.  7,  and  the  moment  at  the  end  of  girder  b 
can  be  obtained  from  Fig.  8.  It  should  be  noted,  however,  that  the  moment 
in  girder  b  depends  equally  upon  the  TV  X  h  in  the  story  above  and  in 
the  story  below  the  girder.  This  being  true,  in  getting  the  moment  in 
girder  b,  the  average  of  the  TV  X  h  for  the  two  stories  should  be  used. 

The  moment  at  the  right  end  of  girder  a  balances  the  sum  of  the 
moments  in  column  A  just  above  and  below  the  girder  and  is  equal  to 
their  algebraic  sum.  The  moment  at  the  left  end  of  girder  a  balances 
the  sum  of  the  moments  at  the  right  end  of  girder  b  together  with  the 
moments  in  column  B  just  above  and  below  girder  a  and  is  equal  to 
their  algebraic  sum.  It  is  therefore  possible  to  obtain  the  moment  at 
the  ends  of  all  members  in  a  bent  from  the  curves  in  Figs.  6,  7,  and  8, 
subject,  of  course,  to  the  error  due  to  the  use  of  assumptions  1  and  2 
of  this  Section. 

The  curves  in  Figs.  6,  7,  and  8  show  that  a  large  change  in  the 
ratio  of  the  K  of  one  member  to  the  K  of  another  member  causes  a 
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relatively  small  change  in  the  distribution  of  the  moments  in  the  bent. 

16.  Numerical  Problem.— To  illustrate  the  use  of  these  curves  the 
solution  of  a  problem  is  presented. 

The  seventh  story  of  a  symmetrical  three-span  bent  is  20  ft.  high, 
and  is  subjected  to  a  shear  of  3,000  lbs.  The  eighth  story  of  the  same 
bent  is  20  ft.  high,  and  is  subjected  to  a  shear  of  2,500  lbs.  The  prop- 
erties of  the  members  in  the  seventh  and  eighth  stories  are  as  follows: 

ZA  =  30  in.3;  ZB  =  40in.3;  Za  =  20  in.3;  and  Kb  =  16  in.3.  It 
is  required  to  find  the  moments  at  the  ends  of  all  members  in  the  sev- 
enth story. 

W  Xh  =  3,000  X  20  X  12  =  720,000   in.    lb.    in    the   seventh   story. 

WXh  =  2,500  X  20  X  12  =  600,000   in.   lb.   in  the     eighth   story. 

KB    ~     40    =  -75 

KK  30 

ZT  ~    20"  =-1-B 

ZCa       -    2°  125 

_   _    _    _  1.25 

To  get  the  moment  in  column  A  use  Fig.  6.  At  the  left  of  the 
figure  trace  the  ordinate  whose  abscissa  is  1.25  to  a  point  half  way  be- 

tween  the  two  middle  curves  (-=^-=1.5,  which  is  half  way  between  1 

and  2),  and  project  this  point  horizontally  to  a  point  half  way  (•=-  = 

.75,  which  is  half  way  between  .5  and  1.0)  between  the  two  left-hand 
curves  of  Group  II,  and  also  to  a  point  half  way  between  the  two  left- 
hand  curves  of  Group  III.    The  abscissa  of  the  former  point  is  9.35  per 

17 

cent,  and  of  the  latter  point  9.15  per  cent.    As  -p^-is  equal  to  1.5  or  the 

iia 

average  of  1  and  2,  the  moment  at  the  top  and  the  bottom  of  column  A  in 
the  seventh  story,  MAl,  is  the  average  of  9.35  per  cent  and  9.15  per  cent  or 
9.25  per  cent  of  W  X  h,  that  is,  MAl  =  .0925  X  720,000  =  66,700  in.  lb. 
The  moment,  MAs,  at  the  top  and  the  bottom  of  column  A  in  the  eighth 
story  is  .0925  X  600,000,  or  MAs  =  55,500  in.  lb.  Similarly,  the  moment 
at  the  top  and  bottom  of  column  B,  MB7,  is  15.75  per  cent  of  W  X  h,  that 
is,  MB7  =  .1575  X  720,000  =  113,500  in.  lb.  in  the  seventh  story;  and 
MBs  =  .1575  X  600,000  =  94,400  in.  lb.  in  the  eighth  story.  The  moment 
Mb7,  at  the  end  of  girder  b  at  the  top  of  the  seventh  story  is  13.85  per  cent 
of  W  X  h,  that  is, 
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Fig.  9.      Moments  Acting  at  Points  AS  and  B8  of  a   Symmetrical  Three- 
Span  Bent. 
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The  moment  at  the  right  end  of  girder  a  at  the  top  of  the  seventh  story 
is  equal  to  the  sum  of  66,700  in.  lb.,  the  moment  at  the  top  of  column 
A  in  the  seventh  story,  and  55,500  in.  lb.,  the  moment  at  the  bottom 
of  column  A  in  the  eighth  story,  or  122,200  in.  lb.  (see  Fig.  9b).  The 
moment  at  the  left  end  of  girder  a  is  equal  to  the  sum  of  113,500  in. 
lb.,  the  moment  at  the  top  of  column  B  in  the  seventh  story,  and  94,400 
in.  lb.,  the  moment  at  the  bottom  of  column  B  in  the  eighth  story,  less 
91,500  in.  lb.,  the  moment  in  the  end  of  girder  b;  that  is,  the  moment 
at  the  left  end  of  girder  a  is  116,400  in.  lb.  (see  Fig.  9a). 

A  comparison  of  the  moments  in  a  bent  as  obtained  by  the  pro- 
posed approximate  method  and  by  the  slope-deflection  method  is  given 
in  Tables  23  to  26  inclusive. 

17.  Modifications  of  the  Slope-Deflection  Method.— The  writers 
made  a  study  to  determine  the  effect  of  a  change  in  the  section  of  one 
member  of  a  bent  upon  the  moment  in  the  other  members.  The  mo- 
ments were  determined  in  a  number  of  bents  in  which  K  =  1  for  all 
members  except  the  one  whose  effect  upon  the  distribution  of  the  mo- 

Wh 
ment  was  to  be  studied.    The  quantity  -—^  was  taken  equal  to  1  for  all 

stories  and  for  all  bents.  The  K  of  column  B  was  given  successively 
the  values  0.5,  1,  2,  and  4;  and  the  corresponding  moment  at  the  ends 
of  columns  A  and  B  and  at  the  ends  of  girders  a  and  b  was  calculated 
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Key  to  the  Diagram  in  Fig.  10. 
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in  the  story  in  which  the  K  of  column  B  was  changed,  and  also  in  the 
stories  immediately  above  and  below  that  story.  Similarly,  the  K  of 
column  A,  the  K  of  girder  a  and  the  K  of  girder  6  were  given  successively 
the  values  0.5,  1,  2,  and  I,  and  the  corresponding  values  of  the  moment 
at  the  ends  of  the  girders  and  the  columns  were  determined  in  the  par- 
ticular story  and  also  in  the  stories  immediately  above  and  below  that 
story.  The  effect  of  the  changes  in  the  values  of  the  K  of  the  members 
upon  the  moment  is  given  in  Figs.  10,  11,  and  12. 

Fig.  10  shows  the  changes  in  the  moment  at  the  top  and  the  bottom 
of  column  A.  The  abscissae  are  changes  in  the  moment  expressed  in 
per  cent  of  the  moment  in  a  bent  for  which  the  K  of  all  members  is 
equal  to  1.  Increases  in  the  moment  are  laid  off  to  the  right  of  the 
origin,  and  decreases  are  laid  off  to  the  left.  The  ordinates  represent 
the  values  of  the  K  in  the  member  changed.  The  story  in  which  the 
moment  was  calculated  is  designated  as  story  No.  N,  the  story  above  is 
designated  as  story  No.  (iV+  1),  and  the  story  below  No.  (N—  1).  Each 
curve  shows  the  change  in  the  moment  at  the  top  or  the  bottom  of 
column  J.  due  to  a  change  in  the  value  of  the  A'  of  some  member.  The 
number  of  the  curve  which  shows  the  change  in  the  moment  in  column 
A  due  to  a  change  in  the  K  of  any  particular  member  can  be  obtained 
from  the  key  to  the  diagram  in  Fig.  10.  For  example,  curve  No.  3  shows 
the  change  in  the  moment  at  the  top  of  column  A  due  to  a  change  in  the 
A"  of  girder  b  in  story  No.  X.  If  the  A'  of  girder  b  is  made  equal  to  2, 
the  moment  at  the  top  of  column  A  is  8.9  per  cent  less  than  when  the  A' 
of  girder  b  is  equal  to  1.  Curve  No.  3  also  shows  the  change  in  the  mo- 
ment at  the  bottom  of  column  A  due  to  a  change  in  the  K  of  girder  b  in 
story  No.  ( '  X  —  1) .  If  the  K  for  girder  b  in  story  No.  (X  —  1 )  is  equal 
to  2,  the  moment  at  the  bottom  of  column  .1  is  8.9  per  cent  less  than  when 
the  K  for  girder  b  is  equal  to  1. 

Similarly,  the  changes  in  the  moment  in  column  B  due  to  changes 
in  the  K  of  the  members  of  the  bent  are  given  in  Fig.  11  and  the 
changes  in  the  moment  in  girder  b  are  given  in  Fig.  12. 

Fig.  10  shows  that  the  moment  in  column  A  of  any  story  not  only 
depends  upon  the  value  of  the  K  of  the  members  in  the  same  story  but 
depends  also  upon  the  value  of  the  K  of  the  members  in  the  adjacent 
stories.  Figs.  11  and  12  show  that  the  same  statement  is  true  relative 
to  the  moment  in  column  B  and  girder  b.  This  being  true,  any  approxi- 
mate method  which  considers  only  the  members  in  the  story  in  which 
the  stresses  are  to  be  determined  can  not  give  accurate  results  except 
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in  bents  which  have  no  very  sudden  changes  in  the  sections  of  the 
columns  and  girders. 

Where  there  are  sudden  changes  in  the  column  and  girder  sections, 
the  proposed  approximate  method  is  not  accurate.  In  such  cases  it  is 
sometimes  possible  to  use  a  modification  of  the  slope-deflection  method 
and  obtain  quite  accurate  results  with  a  comparatively  small  expendi- 
ture of  labor.  This  modification  of  the  slope-deflection  method  may  be 
made  in  either  of  two  ways,  as  follows:  (a),  the  bent  may  be  divided 
by  a  horizontal  plane  between  any  two  adjacent  floors,  and  the 
lower  part  be  treated  independently  of  the  upper  part;  or  (b),  the 
bent  may  be  divided  by  two  horizontal  planes  any  number  of  stories 
apart,  and  the  portion  between  these  planes  may  be  treated  independent- 
ly of  the  other  portions  of  the  building.  These  modifications  will  be 
considered  in  detail. 

(a)  The  wind  stresses  in  the  top  stories  of  a  bent  are  com- 
paratively small  and  their  exact  determination  is  not  important.  An 
examination  of  the  equations  of  Table  15  shows  that  the  coefficient  of 
the  quantity  to  be  determined  is  greater  than  the  coefficients  of  the 
quantities  in  which  the  unknown  is  expressed.  This  being  true,  errors 
in  the  slopes  and  the  deflection  of  one  story  have  but  little  effect  upon 
the  slopes  and  deflections  of  the  succeeding  stories.  Further  examina- 
tion of  the  same  table  shows  that  there  is  a  comparatively  small  differ- 
ence between  the  change  in  the  slope  at  the  top  of  a  column  in  one 
story  and  the  change  in  the  slope  at  the  top  of  the  same  column  in  the 
story  below.  If  the  two  changes  in  slope  are  assumed  to  be  equal,  the 
error  introduced  is  small.  Bearing  these  facts  in  mind,  consider  again 
the  twenty-story  bent  of  Section  VII.  If  6Al2  and  6Bl2  are  assumed 
equal  to  6All  and  0Bll  respectively  in  equations  f,  g,  and  h  of  Table 
13,  the  first  34  equations  will  contain  34  unknown  quantities  which 
can  be  determined  by  the  method  used  in  Tables  14  and  15.  That  is, 
assuming  that  the  changes  in  the  slopes  of  the  columns  in  one  story 
are  equal  to  the  changes  in  the  slopes  of  the  same  columns  in  the  story 
below,  is  equivalent  to  dividing  the  bent  into  two  parts;  and  the 
equations  for  the  lower  part  can  be  solved  independently  of  those  of 
the  upper  part.  If  the  slopes  which  are  assumed  equal  are  not  really 
equal,  the  calculated  slopes  and  deflections  in  the  top  story  of  the  lower 
part  will  not  be  exact,  but  the  results  of  a  number  of  calculations  show 
that  the  error  in  the  slopes  and  the  deflection  in  the  next  to  the  top 
story  is  so  small  that  it  may  be  neglected.  This  being  true,  if,  in  the 
actual   design   of   the   twenty-story   bent   of    Section    VII,   it   is   con- 
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sidered  unnecessary  to  calculate  the  wind  stresses  in  the  top  ten  stories, 
the  bottom  eleven  stories  may  be  treated  as  a  complete  bent  and 
the  stresses  determined  by  the  method  outlined  above,  thereby  decreasing 
the  work.  The  stresses  in  the  bottom  ten  stories  will  be  quite  exact. 
The  bent  could  have  been  divided  at  any  other  story  without  affect- 
ing the  accuracy  of  the  results. 

If  there  are  sudden  changes  in  the  members  the  bent  can  be  divided 
above  the  story  in  which  the  change  occurs,  and  the  stresses  in  the  lower 
part  can  be  determined  by  the  method  outlined  above. 

Table  23  shows  that  the  largest  errors  in  the  proposed  approximate 
method  are  in  the  first  story.  The  moments  can  be  determined  in  the 
first  story  by  the  modification  of  the  slope-deflection  method  as  follows: 

Assume  that  the  slopes  in  the  third  story  are  equal  to  the  corre- 
sponding slopes  in  the  second  story.  The  first  seven  equations  of 
Table  13  will  then  contain  only  seven  unknown  quantities.  The  solu- 
tion of  these  equations  is  given  in  Tables  21  and  22.  The  changes  in 
the  slopes  and  the  deflection  for  the  first  story  as  given  in  Table  22 
agree  very  closely  with  the  values  for  the  same  quantities  given  in  Table 
15,  and  the  moments,  being  functions  of  the  slopes  and  deflection,  will 
also  agree  very  closely  with  the  moments  given  in  Table  18. 

(b)  The  moments  in  any  particular  story  may  be  determined  if 
there  is  some  story  below  the  one  in  question  in  which  it  can  be  seen 
by  inspection  that  the  changes  in  the  slopes  at  the  tops  and  the  bottoms 
of  the  columns  are  equal.  Suppose  the  moments  are  to  be  determined 
in  the  tenth  story  of  the  bent  shown  in  Fig.  5,  and  that  it  is  apparent 
from  inspection  that  0A8  =  #a9,  and  8Bs  =  #b9.  Then  assume  that 
0Ai2 =  0ah,  and  #Bi2  —  0bii-  The  ten  equations,  Y  to  h  inclusive 
of  Table  13,  will  contain  ten  unknown  quantities.  If  the  slopes  in 
the  eighth  and  ninth  stories,  which  have  been  assumed  to  be  equal,  are 
equal  then  the  slopes  and  the  deflection,  and  therefore  also  the  moments, 
in  the  tenth  story  will  be  quite  accurate,  but  if  the  slopes  below  the 
story  in  question  which  are  assumed  to  be  equal,  are  not  really  equal, 
the  required  moments  will  not  be  exact.  That  is,  a  difference  between 
the  slopes  below  the  story  in  question  affects  the  results,  whereas  a  differ- 
ence between  the  slopes  above  the  story  does  not  materially  affect  the 
results. 

18.  Application  of  the  Proposed  Approximate  Method  and  Modifi- 
cation of  the  Slope-Deflection  Method.— "To  obtain  the  moment  in  a  bent 
in  which  there  are  sudden  changes  in  the  sections,  the  following  com- 
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bination  of  methods  can  sometimes  be  used  to  advantage.  Use  the  pro- 
posed approximate  method  for  obtaining  the  moment  in  the  portion  of 
the  bent  in  which  there  are  no  sudden  changes  in  the  sections  of  the 
members.  Use  a  modification  of  the  slope-deflection  method  to  get  the 
moments  in  the  bottom  story  and  in  any  intermediate  stories  in  which 
sudden  changes  in  the  members  occur.  The  results  thus  obtained  will 
be  sufficiently  accurate  to  be  used  in  the  actual  designs  of  buildings,  and 
the  amount  of  work  required  will  not  be  excessive. 

IX.     Comparison  of  the  Approximate  Methods  With  the  Slope- 
Deflectiox  Method. 

19.  Symmetrical  Three-Span  Bent  with  Short  Middle  Span. — For 
comparison,  the  moments  in  the  symmetrical  three-span  twenty-story 
bent  shown  in  Fig.  5  were  calculated  by  the  five  following  methods : 

1.  The  slope-deflection  method. 

2.  The  proposed  approximate  method. 

3.  The  three  methods  described  by  Mr.  Fleming  and  known  as 
methods  I,  II,  and  TIT. 

The  moments  as  determined  by  these  methods  are  given  in  Tables 
23  and  24.  For  each  story  the  moments  in  the  upper  line  are  in  1,000 
in.  lb.,  and  those  in  the  lower  line  are  in  per  cent  of  the  moments  as 
determined  by  the  slope-deflection  method.  Tables  23  and  24  show  in 
the  ease  of  this  bent:  first,  that  the  moments  determined  by  methods  II 
and  III  are  very  seriously  in  error;  second,  that  the  moment  determined 
by  method  I  and  by  the  proposed  approximate  method  agree  very  closely 
with  the  moment  determined  by  the  slope-deflection  method  except  at 
points  where  there  are  sudden  changes  in  the  members  of  the  bent ; 
third,  that  the  errors  in  the  moment  determined  by  the  proposed  ap- 
proximate method  are  less  for  "the  girders  than  for  the  columns. 

20.  Symmetrical  Three-Span  Bent  with  Long  Middle  Span— -The 
distribution  of  the  moment  determined  by  the  slope-deflection  method 
is  affected  by  the  ratio  of  the  K  of  girder  a.  to  the  K  of  girder  b.  As 
this  ratio  does  not  affect  the  distribution  of  the  moment  determined  by 
methods  I,  II,  and  III,  the  accuracy  of  the  latter  methods  will  depend 
upon  the  relative  values  of  K  for  the  two  girders. 

In  the  bent  shown  in  Fig.  5,  the  K  is  less  for  girder  a  than 
for  girder  b,  since  the  girders  have  substantially  the  same  sections  and 
girder  a  is  longer  than  girder  b.  In  order  to  determine  the  effect  of 
the  relative  values  of  the  K  of  girders  a  and  b  upon  the  accuracy  of 
the  approximate  methods,  the  moment  in  the  bottom  four  stories  of  the 
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bent  shown  in  Fig.  13,  a  bent  like  the  one  shown  in  Fig.  5  ex- 
cept that  the  long  and  short  spans  have  been  interchanged,  was  deter- 
mined by  each  of  the  five  methods  mentioned  in  article  19.  The  results 
are  given  in  Tables  25  and  26.  The  moments  determined  by  the  pro- 
posed approximate  method  are  as  accurate  as  those  given  in  Tables  23 
and  21;  whereas  the  moments  determined  by  method  I  are  inaccurate, 
and  those  determined  by  methods  II  and  III  are  very  inaccurate. 

21.  Effect  of  the  Proportions  of  a  Bent  upon  the  Accuracy  of 
Method  /.—In  order  to  determine  more  fully  the  effect  of  the  propor- 
tions of  a  bent  upon  the  accuracy  of  method  I,  the  moments  were  deter- 
mined in  a  number  of  bents  having  different  proportions,  by  the  slope- 
deflection  method  and  by  method  I.  These  moments  are  given  in 
Table  27. 

In  bents  1  to  9  of  this  table  all  girders  and  columns  have  the 
same  section.  The  ratio  of  the  moment  of  inertia  of  the  columns  to  the 
moment  of  inertia  of  the  girders  and  also  the  ratio  of  the  moment  of 
inertia  of  the  girder  in  bay  a  to  the  moment  of  inertia  of  the  girder  in 
bay  b,  affects  the  moment  determined  by  the  slope-deflection  method 
but  does  not  affect  the  moment  as  determined  by  method  I.  If  the 
sections  of  the  columns  and  girders  are  not  the  same,  the  difference 
between  the  moments  determined  by  the  two  methods  might  vary  even 
more  than  Table  27  indicates.  Any  errors  in  the  moment  due  to  sudden 
changes  in  the  sections  of  the  bent  are  in  addition  to  the  errors  indicated 
in  Table  27. 

The  difference  between  the  two  methods  is  due  to  the  fact  that  in 
method  I  the  direct  unit  stress  in  a  column  is  proportional  to  the  dis- 
tance of  the  column  from  the  neutral  axis  of  the  bent;  whereas  in  the 
slope-deflection  method  the  stress  in  a  column  depends  upon  the  shears 
in  the  girders,  and  the  shears  in  the  girders  depend  upon  the  changes 
in  the  slopes  at  the  ends  of  the  girders  and  upon  the  moment  of  inertia 
of  the  girder  sections. 

22.  Accuracy  of  the  Approximate  Methods  when  the  Moment  of 
Inertia  of  the  Girders  is  Proportional  to  the  Bending  Moment. — In  the 
comparison  of  the  approximate  methods  with  the  slope-deflection  method 
given  in  Tables  23  to  27,  the  sections  of  the  girders  were  chosen  with- 
out reference  to  the  moment  to  which  they  were  subjected,  except  the 
girders  in  the  bent  shown  in  Fig.  5.'  The  girders  in  this  bent  were 
designed  to  resist  the  bending  moment  determined  by  method  I.  An- 
other investigation  was  made  to  determine  the  accuracy  of  the  approxi- 
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male  methods  when  applied  to  bents  in  which  the  girders  were  designed 
to  resist  the  bending  moment  due  to  the  wind  load  as  determined  by  the 
method  which  is  to  be  compared  with  the  slope-deflection  method.  The 
results  of  this  investigation  are  given  in  Tables  28  to  31.  In  Table  28 
the  moments  of  inertia  of  the  sections  of  the  girders  are  proportional 
to  the  bending  moments  determined  by  method  I.  The  sections  of  the 
columns  are  equal,  and  the  moment  of  inertia  of  the  sections  of  the 
columns  is  equal  to  the  moment  of  inertia  of  the  section  of  girder  a. 
Table  28  shows  that  method  I  gives  the  moment  in  the  columns  and 
girders  quite  accurately  when  the  spans  are  equal  and  the  story  height 
does  not  exceed  the  length  of  the  span.  This  statement  is  true,  in  gen- 
eral, only  when  the  two  column  sections  are  equal  and  when  the  moments 
of  inertia  of  the  sections  of  column  A  and  girder  a  are  equal. 

In  considering  the  merits  of  the  approximate  methods,  it  should 
be  noted  that  the  moment  which  should  be  determined  with  the  greatest 
accuracy  is  the  moment  to  which  the  joint  that  connects  the  girder  to 
the  column  is  subjected.  This  moment  is  the  moment  at  the  ends  of  the 
drders.  If  the  moments  of  inertia  of  the  sections  are  not  made  propor- 
tional  to  the  bending  moment  determined  by  method  I,  the  method  will 
not  be  as  accurate  as  Table  28  indicates. 

The  moments  of  inertia  of  the  girder  sections  of  Table  29  are 
proportional  to  the  bending  moments  in  the  respective  girders  as  deter- 
mined by  method  II.  The  moments  of  inertia  of  the  girder  sections  of 
Table  30  are  proportional  to  the  bending  moments  in  the  respective 
girders  determined  by  method  III.  It  is  apparent  from  Tables  29-30 
and  Tables  23-26  that  methods  II  and  III  are  so  inaccurate  that  they 
should  never  be  used. 

The  moments  of  inertia  of  the  girder  sections  of  Table  31  are 
proportional  to  the  bending  moments  in  the  respective  girders  as  deter- 
mined by  method  IV.  For  bents  having  equal  spans  and  equal  column 
sections  this  method  gives  quite  accurate  results. 

While  methods  I  and  IV  may  be  quite  accurate  in  some  cases,  their 
accuracy  depends  upon  the  proportions  of  the  bent.  For  example,  by 
comparing  Tables  27  and  28  it  is  apparent  that  if  the  moments  of 
inertia  of  the  girder  sections  are  not  proportional  to  the  bending  moments 
determined  by  method  I,  that  method  will  not  be  as  accurate  as  when 
the  girder  sections  are  so  proportioned.  Again,  in  Tables  28  and  31 
the  sections  of  the  columns  are  equal  and  the  moments  of  inertia  of 
the  sections  of  column  A  and  girder  a  are  equal;  but  if  these  relations 
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do  not  exist,  the  methods  will  not  in  general  be  as  accurate  as  Tables 
28  and  31  seem  to  indicate. 

Any  inaccuracy  in  methods  I  and  IV  due  to  sudden  changes  in  the 
members  of  the  bent,  are  in  addition  to  the  inaccuracies  shown  in  Tables 
38  and  31. 

For  the  bents  shown  in  Tables  28  to  31,  the  moments  determined 
by  the  proposed  approximate  method  are  exactly  the  same  as  the  moments 
determined  by  the  slope-deflection  method. 

X.     Test  of  a  Celluloid  Model  of  a  Bent. 

23.  Description  of  Tests. — In  order  to  check  the  deflections  and 
the  changes  in  the  slopes  calculated  by  the  slope-deflection  method,  a 
celluloid  model  of  a  bent  was  subjected  to  known  shears,  and  the  result- 
ing deflections  and  changes  in  slopes  were  measured  and  compared  with 
the  calculated  values.  The  model  was  made  of  celluloid  %  inch  thick, 
and  had  the  general  dimensions  shown  in  Fig.  14.  A  cord  passing  over 
a  pulley  and  attached  to  a  weight  at  one  end  and  to  the  top  of  the 
model  at  the  other,  produced  a  uniform  shear  in  all  stories.  Paper  arms 
were  fastened  to  the  model  at  points  where  the  members  intersect.  The 
movement  of  these  arms  indicated  the  changes  in  the  slopes.  One  of 
these  arms,  A  J),  is  shown  in  Fig.  11.  The  external  force  caused  the 
point  A.,  to  move  in  approximately  a  horizontal  line  and  at  the  same 
time  to  turn  through  a  small  angle,  6.  The  paper  arm  AJ)  has  the 
same  motion  as  the  point  A., ;  thus  the  vertical  displacement  of  D  measures 
the  angle  B.  The  horizontal  deflection  of  the  model  was  obtained  by 
measuring  the  displacement  of  a  point  at  the  middle  of  a  girder.  Paper 
arms  were  attached  to  all  four  columns  at  the  tops  of  all  stories  simul- 
taneously, and  the  changes  in  the  slopes  at  all  intersections  were 
measured  for  each  application  of  the  load.  Similarly,  the  horizontal 
deflection  was  measured  at  the  middle  of  each  of  the  three  girders  at 
the  top  of  each  story. 

In  the  original  model,  known  as  model  Xo.  1.  members  Xo.  1,  2, 
3,  and  4  were  %  inch  wide ;  all  other  members  were  14  inch  wide.  After 
this  model  had  been  tested,  member  Xo.  1  was  reduced  to  14  inch ;  and 
then  the  resulting  model,  now  known  as  Xo.  2,  was  tested.  Members  Xo. 
2,  3,  and  4  were  successively  reduced  to  14  inch ;  and  the  resulting  models, 
now  known  as  models  Xo.  3,  4,  and  5,  were  also  tested. 

In  testing  model  Xo.  1,  observations  were  made  when  loads  of 
2%  lh.,  5  lb.,  Ti/o  lb.,  and  10  lb.  were  applied.  The  readings  for  the 
two  sides  of  the  model  agreed  very  closely  in  the  bottom  three  stories; 


W I  I.SOX  -M  AX  ]•;  Y  —  \Y  I N  I)   STB  ESS  ES 


41 


but  in  the  fourth  story  they  did  not  agree.  Thinking  that  this  discrep- 
ancy might  be  due  to  excessive  stresses,  when  testing  model  No.  2,  a 
maximum  load  of  only  ?U  Ik  was  used;  but  there  was  still  the  same 
discrepancy  in  the  readings.  Thinking  that  the  apparatus  might  be 
out  of  order,  (he  loads  were  removed  and  then  applied  a  second  time  hut 
the  second  readings  agreed  very  closely  with  the  first.  In  testing  models 
No.  ::.  I.  and  5,  loads  of  1%  lb.,  3  lb.,  and  \\U  lb.  were  applied.  The 
loads  were  then  removed  and  applied  in  the  opposite  direction.  The 
readings  for  the  two  sides  of  the  model  continued  to  agree  very  closely 
in  the  bottom  three  stories;  and  in  the  fourth  story  they  continued  to 


Fig.  14.     Celluloid  Model. 


disagree.  It  is  therefore  probable  that  either  the  material  was  not 
homogeneous  or  that  there  were  internal  stresses  or  local  weaknesses  in 
the  upper  part  of  the  model. 

The  observations  made  in  the  test  of  model  No.  d  are  given  in 
Table  32. 

\M.  Results  of  Tests. — The  results  of  the  tests  of  the  models  are 
given  in  Fig.  15.  The  models  are  shown  by  the  sketches  at  the  left 
of  the  figure.  In  these  sketches  members  represented  by  heavy  lines 
are  i/>  inch  wide,  and  all  other  members  are  *4  inch  wide.  The  upper 
diagram  of  Fig.  15  shows  the  changes  in  the  slopes  and  the  lower 
diagram  shows  the  deflectiom. 

In  the  upper  diagram  the  first  group  of  lines  at  the  left  represents 
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the  changes  in  the  slope  at  the  point  A1}  the  second  group  represents 
the  changes  at  A2,  and  similarly  the  third  and  fourth  groups  represent 
the  changes  at  A3  and  At.  The  fifth  group  of  lines  from  the  left  repre- 
sents the  changes  in  the  slope  at  the  point  Bx,  the  sixth  group  at  B2,  and 
similarly  for  the  other  groups.  In  the  left-hand  group  of  lines  the 
change  in  the  slope  at  the  point  A1  of  model  No.  1  is  laid  off  from  the 
origin  on  a  horizontal  line  opposite  the  sketch  of  model  No.  1;  the 
change  in  the  slope  at  A 1  of  model  No.  2  is  laid  off  from  the  origin  on 
a  horizontal  line  opposite  model  No.  2 ;  the  change  in  the  slope  at  A  3  of 
model  No.  3  is  laid  off  from  the  origin  on  the  horizontal  line  opposite 
model  No.  3;  and  the  change  in  the  slope  at  Ax  of  model  No.  4  is  laid 
off  from  the  origin  on  the  horizontal  line  opposite  model  No.  4.  The 
full  lines  connect  points  which  represent  the  quantities  as  measured; 
and  the  dotted  lines  connect  points  which  represent  the  same  quantities 
as  computed  by  the  slope-deflection  method.  The  changes  in  the  slopes 
at  A2,  A?_,  Ai}  Blt  B2,  Bs,  and  Bi  are  shown  in  a  similar  manner. 

The  lower  diagram  shows  the  ratios  of  the  deflection  to  the  story 
height  in  the  different  stories  of  the  models.  The  method  of  represent- 
ing the  ratios  of  deflection  to  story  height  is  similar  to  the  method  used 
to  represent  the  changes  in  the  slopes  in  the  upper  diagram. 

It  will  be  noticed  that  the  calculated  quantities  are  in  general  greater 
than  the  observed  quantities.  The  reason  for  this  is :  In  the  computa- 
tions, the  length  of  a  member  was  taken  equal  to  the  distance  between 
center  lines,  whereas  the  length  that  is  actually  free  to  bend  is  the  dis- 
tance from  outside  to  outside  of  the  members.  This  accounts  for  the 
difference  between  the  observed  and  the  computed  values. 

Fig.  15  shows  that  the  changes  in  the  slopes  and  the  ratios  of  the 
deflection  to  the  story  .height  as  observed  and  as  computed  agree  closely. 
In  other  words,  the  tests  support  the  theory  upon  which  the  slope- 
deflection  method  is  based. 

XI.    Discussion  of  the  Assumptions. 

25.  Preliminary— In  making  the  analysis  of  the  stresses  the  writers 
made  certain  assumptions  in  regard  to  the  action  of  the  frame  when 
stressed.  The  effect  of  inaccuracies  in  these  assumptions  will  now  be 
considered. 

If  all  of  the  columns  of  a  story  are  taken  together  as  a  free  body, 
the  algebraic  sum  of  the  moments  at  the  tops  and  bottoms  of  all  the 
columns  is  equal  to  the  shear  on  the  story  multiplied  by  the  story  height. 
As  the  moments  in  the  columns  are  balanced  by  the  moments  in  the 
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girders,  the  algebraic  sum  of  the  moments  at  the  ends  of  the  girders  is 
dependent  upon  the  product  of  the  shear  in  the  story  and  the  story 
height.  These  facts  should  be  borne  in  mind  in  discussing  the  effect 
of  inaccuracies  in  the  assumptions  upon  the  moments  in  a  bent. 

26.  Assumption  of  Perfect  Rigidity.— According  to  assumption  No. 
1,  the  connections  between  the  columns  and  girders  are  perfectly  rigid. 
The  truth  of  this  assumption  can  be  determined  only  by  tests.  As  far 
as  the  writers  are  aware  no  such  tests  have  been  made.  While  it  is 
undesirable  to  make  a  mathematical  analysis  which  is  based  upon  an 
unverified  assumption,  some  assumption  relative  to  the  rigidity  of  the 
connections  must  be  made  before  the  stresses  in  a  frame  can  be  deter- 
mined. The  distribution  of  the  stresses  depends  more  upon  the  relative 
stiffness  than  upon  the  actual  stiffness  of  the  connections.  In  view  of 
these  facts,  it  seems  that  the  assumption  of  perfect  rigidity  of  the  joints 
is  the  most  logical  one  that  can  be  made. 

27.  Assumption  of  the  Unchanged  Length.— According  to  assump- 
tion No.  2,  the  change  in  the  length  of  a  member  due  to  the  direct  stress 
is  equal  to  zero. 

If  columns  A  and  B  change  in  length,  the  moment  at  the  right- 
hand  end  of  girder  a  will  be  given  by  the  equation 

JI/ab  =  2EKa  (26 a  +6B-  3i?a) , 
in  which  Ra  is  equal  to  the  difference  between  the  changes  in  the  lengths 
of  columns  A  and  B  divided  by  the  length  of  girder  a.  In  the  derivation 
of  the  general  equations  in  Section  VI,  Ba  was  assumed  to  be  equal  to 
zero.  If  the  changes  in  the  lengths  of  the  columns  do  not  alter  the 
values  of  8A  and  6B,  the  change  in  the  moment  AJ/ATJ,  at  the  right- 
hand  end  of  girder  a  due  to  the  changes  in  the  lengths  of  the  columns  is : 
Al/AB  =  2#Za(-32?a). 

The  change  in  the  moment  at  the  left-hand  end  of  girder  a  is  equal 
to  the  change  at  the  right-hand  end.  The  difference  between  the  changes 
in  length  of  columns  A  and  B,  or  the  deflection  of  one  end  of  girder  a 
relative  to  the  other  end,  is  given  by  the  equation : 

;  Pl        ■        ^■^ 

a  =  — -=— .  m  which 

AE 

d  =  the  deflection, 

P  =  the   difference  between   the  stress  in  column  A   and  the  stress  in 

column  B, 
I  =  the  length  of  the  columns, 
A  =  the  area  of  the  column  section, 
E  =  the  modulus  of  elasticity  of  steel. 
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From  Table  19,  page  ^~>.  the  compressive  stresses  in  the  first  story 
v\'  columns  .1  and  B  arc  1  1,464  lb.  and   I.5S1  lb.  respectively. 

Therefore  /'  =  1  I.H'.l  —  1,58*5  =  9,87"i  lb.  From  Table  11,  page  48, 
2  =  264  in.,  A'a  =  30.5  in.8,  and  A  =  112.8  sq.  in.  #  =  29,000,000  lb. 
per  sq.  in.     Substituting  these  values  in  the  above  equation  for  d,  gives: 

d  =  . 000798  in. 

By  definition,  Ba=— — ,  therefore 

2?a  =     •°°0T98     =  .00000303,  and 

A.VAB  =  2X  29,000,000  X  30.5  (-  3  X  .00000303)  =  -  16,050  in.  lb. 
This  change  in  the  moment  is  5.(3  per  cent  of  the  moment  at  the  right- 
hand  end   of  girder  a  as  given   in   Table   18,   page   74.     Likewise  the 
moment  at  the  left-hand  end  of  girder  a  is  decreased  by  1G,050  in.  lb., 
which  is  6.6  per  cent  of  the  moment  as  given  in  Table  18. 

The  moment  at  the  end  of  girder  6  is  affected  by  the  changes  in  the 
lengths  of  two  columns,  B,  one  on  each  side  of  the  center  line  of  the 
bent.  One  column  is  subjected  to  a  tensile  stress  of  4,587  lb.,  and  the 
other  to  a  compressive  stress  of  4,587  lb.  The  deflection  of  girder  I 
is  given  by  the  equation 

2X4,587X264  . 

J= =.000(4  inches. 

112.8  X  29,000,000 

00074 
_     .wuii     _   00000343 

b  216 

A.VBB  =  2  X  29,000,000  X  37.3  X  3  X  .00000343  =  22,300  in.  lb., 
whiili  is  9.0  per  cent  of  the  moment  at  the  end  of  girder  b  as  given  in 
Table  18. 

The  change  in  the  length  of  a  column  is  a  function  of  the  unit 
direct  stress  and  also  a  function  of  the  story  height.  The  first  story 
of  the  bnilding  considered  is  much  higher  (22  ft.)  than  the  other  stories, 
and  the  unit  direct  stress  in  the  columns  in  the  first  story  is  greater 
than  in  the  stories  above;  hence  the  change  in  the  length  of  the  columns 
is  wry  much  less  in  the  other  stories  than  in  the  first  story.  Therefore 
the  changes  in  the  moments  for  the  other  stories  will  be  less  than  those 
in  the  first  story  computed  above. 

The   changes    in    the    moments    in    the    columns    have    been    deter- 
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mined  and  it  remains  to  consider  the  effect  of  the  direct  stresses  in  the 
girders.  The  direct  stress  in  a  girder  is  very  small  in  comparison  with 
the  direct  stress  in  a  column  and  therefore  may  be  neglected. 

If  the  changes  in  the  slopes  were  not  affected  by  the  changes  in 
the  lengths  of  the  columns,  the  moments  at  the  ends  of  girders  a  and  b 
would  be  decreased.  As  the  sum  of  these  moments  is  determined  by 
the  product  of  the  shear  in  the  story  and  the  story  height,  they  can  not 
all  be  decreased  simultaneously.  Therefore  all  of  the  changes  in  the 
slopes  must  be  increased  until  the  sum  of  the  moments  at  the  ends  of 
the  girders  will  balance  the  moments  in  the  columns.  This  will  make 
the  moments  at  the  ends  of  the  girders  practically  the  same  as  they 
would  have  been  if  the  columns  had  not  changed  in  length.  If  the 
moments  at  the  ends  of  the  girders  are  not  materially  affected,  the 
moments  at  the  ends  of  the  columns  will  not  be  materially  affected. 
Therefore  although  the  direct  stresses  in  the  columns  do  change  the 
lengths  of  the  columns,  they  do  not  affect  the  stresses  in  the  frame  to  any 
great  extent. 

28.  Assumption  as  to  Length  of  Members.— In  accordance  with 
assumption  No.  3,  the  length  of  a  member  was  taken  as  the  distance 
between  the  center  lines  of  the  members  which  it  intersects.  This  makes 
the  changes  in  the  slopes  and  deflections,  as  calculated,  greater  than  the 
actual  values.  The  effect  of  the  inaccuracy  of  this  assumption  upon  the 
distribution  of  the  moments  is,  however,  not  so  apparent. 

The  curves  in  Fig.  G,  7,  and  8  show  that  the  distribution  of  the 
moment  in  a  story  depends  upon  the  relative  values  of  K  of  the  mem- 
bers, but  that  it  takes  a  comparatively  large  change  in  the  K  of  a  mem- 
ber to  appreciably  affect  the  distribution  of  the  moments.  The  fact 
that  the  length  of  a  member  has  been  taken  equal  to  the  distance  between 
center  lines,  has  but  little  effect  upon  the  relative  values  of  K  for  the 
members;  and  therefore  does  not  materially  affect  the  distribution  of 
the  moments. 

29.  Assumption  as  to  Deflection  Due  to  Shear. — According  to 
assumption  No.  4,  the  internal  shearing  stresses  in  a  member  produce  no 
deflection.  The  distribution  of  the  stresses  is  dependent,  not  upon  the 
actual  deflection  of  the  columns  due  to  shear,  but  upon  the  differences 
between  the  deflections  in  the  different  columns.  The  shears  on  the 
columns  are  small  and  the  differences  between  the  shears  are  still  smaller ; 
and  therefore  the  assumption  that  the  deflection  due  to  shear  is  equal  to 
zero  will  not  cause  any  appreciable  error. 

30.  Assumption  as  to  Load.— According  to  assumption  No.  5,  the 
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entire  wind  load  is  resisted  by  the  steel  frame.  The  walls  of  a  building 
no  doubt  help  to  resist  the  wind  loads,  but  the  resistance  which  they 
exeri  ia  uncertain.  It'  a  portion  of  the  load  is  considered  as  being  re- 
sisted by  the  walls  the  stresses  in  the  steel  frame  are  correspondingly 
reduced;  but  the  method  of  determining  the  stresses  is  not  affected. 

XII.     Conclusions. 

As  a  result  of  the  investigation  described  in  this  bulletin  the  follow- 
ing conclusions  can  be  made  relative  to  the  methods  used  to  determine 
the  wind  stresses  in  the  steel  frames  of  office  buildings. 

a.  Methods  II  and  III  of  Section  II  are  so  inaccurate  that  they 
should  never  be  used;  I  and  IV  are  quite  accurate  in  some  cases,  but 
they  may  give  results  which  are  seriously  in  error. 

b.  The  method  presented  in  Sections  VI  and  VII,  and  designated 
as  the  slope-deflection  method,  contains  no  approximations  except  those 
in  the  assumptions.  It  has  been  shown  that  the  inaccuracies  in  the 
assumptions  do  not  materially  affect  the  results.  Therefore  the  method 
is  very  accurate. 

c.  While  the  slope-deflection  method  is  long,  it  could  be  used  in 
the  actual  design  of  a  building;  but  it  has  its  greatest  value  as  a  standard 
by  means  of  which  the  accuracy  of  the  approximate  methods  may  be 
determined. 

d.  The  proposed  approximate  method  is  short;  and,  except  at 
points  where  there  are  very  large  changes  in  the  size  of  the  members, 
gives  results  which  are  accurate  enough  to  be  used  in  the  actual  design 
of  a  building. 
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Table  11. 

Properties  of  the  Columns  and  Girders  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Story 

Number 

Section  of  Member 

Area  of 
Section 
Sq.  In. 

Moment  of  Inertia — (Inches)4 

Length 
of 

Col- 
umns =  h 
of 
Gird- 
ers =/ 
Inches 

Kfor 
Colunn 
I 

Web 

Plate 

4 

Angles 

Cover 
Plate 

Web 

4  Angles 

Cover 
Plate 

Total 

h 
for 
Girder 
_l 

I 

Inches 

Primary 

Second- 
ary 

1 

17xi 

8x8x| 

2-18xli 

112.80 
112.80 
103.80 

358 

318 

2190 

3950 

6816 

264 
192 
168 

25.8 

2 

17x1 

8x8x| 

2-18xli 

358 

318 

2190 

3950 

6816 

35.6 

3  and  4 

17x1 

>\s\; 

2-18x1 

358 

318 

2190 

3080 

5946 

35.4 

5  and  6 

17x| 

8x8x| 

2-18xJ4 

92.55 

358 

318 

2190 

2060 

4926 

168 

29.4 

^ 

7  and  8 

17x| 

8x8x£ 

2-18xr7e 

83.55 

358     |      318 

2190 

1266 

4132 

144 

28.7 

a 

9  and  10 

17x{j 

8x8x1? 

72.42 

384 
358 

337 

2315 

3036 

144 

21.1 

o 

1 1  and  12 

17x£ 

8x8x!i 

64.24 

L".m 

2050 

2707 

144 

144 

18.8 

o 

13  and  14 

17x1 

8x6xjii 

53.79 

308 

131 

2195 

2634 

18.3 

15  and  16 

17xi 

8x6xf 

42.26 

205 

105 

1745 

2055 

144 

14.3 

17  and  above 

17x* 

8x6x!96 

38.86 

205 

96 

1590 

1891 

144 

13.1 

1 

17x1 

8x8xJ 

2-18xli 

112.80 

358 

318 

2190 

3950 

ti.slf, 

264 
192 

25.8 

2 

Uxi 

8x8xi 

2-18xl| 

112.80 
103.80 

94.80 

358 

318 

2190 

3950 

6816 

35.6 

3  and  4 

I7xt 

8x8x4 

2-18x1 

358 

318 

2190 

3080 

5946 

168 

35.5 

5  and  6 

17x, 

8x8xj 

2-18xJ 

358 

318 

2190 

2240 

5106 

168 
144 

30.4 

^ 

7  and  8 

17x 

8x8xj 

2-18x4 

85.80 

358 

318 

2190     |     1459 

4325 

30.0 

S 

9  and  10 

17x 

8x8x4 

2-18x,56 

79.05 

358 

318 

2190 

892 

3758 

144 

2ti   1 

o 

11  and  12 

17x 

( 

8x8x1 

67.80 
57.92 

358 

318 

2190 

2866 

144 
144 

19.9 

13  and  14 

17x 

8x6x!s 

358 

131 

2195 

2684 

18.6 

15  and  16 

17x 

8x6x* 

44.39 

256 

105 

1745 

2106 

144 

14.6 

17  and  above 

17x 

8x6x  f"e 
6.  3jxl 



41.00 

256 

96 

1544 

1896 

144 
264 

13.2 

a 

1 

42x| 

29.43 
27.18 

2315 
1458 

13 

5730 

8058 

30.5 

>> 

OS 

2  and  3 

36xf 

6x3ixi 

13 

4170 

5641 

264 
264 

21.4 

m 

0 

4  and  5 

36xJ 

5x3 J xl 

25.70 

1458 

13 

3690 

5161 

19.5 

2 

6 

30xg 

6x3^xi 

24.93 

844 

13 

2860 

3717 
3387 
2025 

264 

14.1 

-a 

7 

30xg 

5x3Ax= 

23.45 

844 

13 

2530 

264 
264 

12.8 

O 

8  and  above 

24x| 

5x3jx| 

21.20 

432 

13 

1580 

7.7 

1 

42x§ 

6x3^ xi 

29.43 

2.'!  15 

13 

5730 

8058 

216 

37.3 

•a 

2 

36x§ 

6x3Jxt78 

29.38 
27.18 

1458 

15 

4830 

6303 

216 

29.2 

09 

pq 

3  and  4 

36x1 

6x3^x1 

1458 

13 

4170 

5641 

216 

26.2 

c 

5 

36xf 

5x3k| 

25.70 

1458 

13 

3690 

5161 

216 

23.8 

E 

6 

30x| 

6x3Jxjj 

24.93 

844 

13 

2860 

3717 

216 

17.2 

.h 

7 

30x| 

•  aM.W: 

23.45 

844 

13 

2530 

3387 

216 

15.7 

a 

8  and  above 

24x| 

5x3^x3 

21.20 

432 

13 

1580 

2025 

216 

9.4 
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Table  12. 

Numerical  Values  of  the  Constants  in  the  Equations  of  Table 
3  for  the  Symmetrical  Three-span  Twenty-story  Bent  shown 
in  Fig.  5. 

All  quantities  are  expressed  in  inches3 


Values  of 

Values  of 

Values  of 

_ 

«(-& 

<- ') 

4-*s(H)] 

<£ 

d 

for 

for 

for  all  members 
intersecting  at  the 

5 

/!& 

*>S 

II  w 
---  a 

fc.S 

O  m 

S  E 

t;    - 

>o 

o 
3o 

d 

a. 

o 

_H 

Z  *  £> 

Sao 

"H  >>^ 

■-  «_ 

0 

a* 

to  a  >> 

o-*>  g 

C    >.V. 

,_  a 
o  £ 

o  o 
HO 

»5 

o"o 
HO 

1 

25.8 

25.8 

30.5 

37.3 

183.8 

258.4 

206.8 

2 

35.6 

35.6 

21.4 

29.2 

184.8 

243.4 

284.8 

3 

35.4 

35.5 

21.4 

26.2 

184.4 

237.2 

283.6 

4 

35.4 

35.5 

19.5 

26.2 

168.6 

223.2 

283.6 

5 

29.4 

30.4 

19.5 

23.8 

156.6 

208.2 

239.2 

6 

29.4 

30.4 

14.1 

17.2 

144.4 

183.4 

239.2 

7 

28.7 

30.0 

12.8 

15.7 

140.4 

177.0 

234.8 

8 

28.7 

30.0 

7.7 

9.4 

115.0 

146.4 

234.8 

9 

21.1 

26.1 

7.7 

9.4 

99.8 

138.6 

188.8 

10 

21.1 

26.1 

7.7 

9.4 

95.2 

126.2 

188.8 

11 

18.8 

19.9 

7.7 

9.4 

90.6 

113.8 

154.8 

12 

18.8 

19.9 

7.7 

9  4 

89.6 

111.2 

154.8 

13 

18.3 

18.6 

7.7 

9.4 

88.6 

108.6 

147.6 

14 

18,3 

18.6 

7.7 

9.4 

80.6 

100.6 

147.6 

IS 

14.3 

14.6 

7.7 

9  4 

72  6 

92.6 

115.6 

16 

14.3 

14  6 

7.7 

9.4 

70  2 

89.8 

115.6 

17 

13.1 

13.2 

7.7 

9  4 

67.8 

87.0 

105.2 

18 

13.1 

13.2 

7.7 

9  4 

67.8 

87.0 

105.2 

19 

13.1 

13.2 

7.7 

!l  4 

67.8 

87.0 

105.2 

20 

13  I 

13  2 

7.7 

9.4 

41  6 

60.6 

105.2 
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Table  14. 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetri- 
cal Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

5  -  d 
K  fe.S 

4|  1 

§ 

Story  No.  1 

Story  No.  2 

Story  No.  3 

^ 

tory  No.  4 

o"S 

£2--~ 

Z3 

*i 

*A1 

0B1 

*2 

Kt 

*B2 

R, 

0A3 

#B3 

Ri 

9M 

#iS4 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of   .0001 

A 
B 
C 

1.0000 
1.0000 
1.0000 

—0.2495 
—2.3747 
—0.3940 

— 0 . 2495 
—0.3940 
—3.8204 

1.3798 
1.3798 

—0.4599 

—0.4599 

0.5667 
0.0000 
0.0000 

A-B 
B-C 

0 
0 

2.1252 
—1.9806 

0.1445 
3.4263 

— 1  3798 
0 

0.4599 
—0.4599 

0.4599 

0.5667 
0.0000 

1 
2 
D 
E 

1  0000 
1.0000 
1  0000 
1.0000 

0.0680 

—1.7300 

1.0000 

—0.6494 

—4.0000 
—3.0000 

0.2164 
0.2322 
1 . 0000 
5.1912 

—0.2322 
1.0000 
0.6012 

—2.9834 

0.9944 

0.2667 

0.0000 

—1 .  1082 

0.0000 

1-2 
2-D 

D-e 

0 
0 
0 

1 . 7980 

—2.7300 

1.0000 

—0.6494 

4.0000 

—1.0000 

—0.0158 

0.7678 

—4.1912 

0.2322 
—1.2322 

0.3988 

2.9834 

—0.9944 

0  2667 

1.1082 

—1 .  1082 

3 

4 
5 
F 

1 
1 
1 
1 

—0.3611 
—1.4652 
—1.0000 
—3.0000 

—0.0088 
0.2812 

—4.1912 
0.6012 

0.1292 
0.4513 
0.3988 
7.6575 

2.9834 
—2.9915 

—0.9941 

0.9972 

0.1483 
—0.4059 
—1 .  1082 

0.0000 

3-4 

4-5 
5-F 

0 
0 
0 

1 . 1040 

— 0  4652 
2.0000 

—0.2900 

4.4724 
—4.7924 

—0.3222 

0.0525 

—7.2587 

—2.9834 
5.9749 

0.9944 
—0.9944 

—0.9972 

0.5543 

0.7023 

—1 .  1082 

6 
7 

8 

1 
1 
1 

—0.2627 
—9.6140 
—2.3962 

—0.2918 
—0.1128 
—3.6293 

6.4127 
2.9874 

—2.1378 
—0.4972 

—0.4986 

0.5021 
—  1.5095 
—0.5541 

6-7 
7-8 

0 
0 

9.3513 
—7.2178 

—0.1790 
3.5165 

—6.4127 
3.4252 

2.1378 
— 1  6406 

0.4986 

2.0116 
—0.9554 

9 
10 
G 
H 

1 
1 
1 
1 

—0.0191 

—0.4872 
1.0028 

—0.6857 
—0.4746 
—4  0055 
—3.0000 

0.2286 
0.2273 

1.0000 
5.2091 

—0.0691 
1.0028 
0.6045 

—3.0000 

1.0000 

0.2151 

0.1324 

— 0  9110 

0.0000 

9-10 
10-G 
G-H 

0 
0 
0 

0.4681 

— 1  4900 

1.0028 

—0.2111 

3.5309 
—1.0055 

0.0013 

—0.7727 
—4.2091 

0.0691 

—  1  0719 
0  3983 

3.0000 

—1.0000 

0.0827 

1.0434 

—0.9110 

11 
12 
13 
1 

1 
1 
1 
1 

—0.4511 

—2.3700 
—1.0028 
—3.0000 

0.0027 

0.5186 

—4.1971 

0.6028 

0.1476 
0.7194 
0.3971 
7.4200 

2.9915 
—3.0000 

—0.9972 

1.0000 

0.1768 
—0.6990 

-    II  1HIS4 
0.0000 

11-12 
12-13 
13-1 

0 
0 
0 

1.0189 

— 1  3672 
1  9972 

— 0  5159 

4.7157 

—4.7999 

—0.5718 

0.3223 

—7.0230 

—2.9915 
5.9915 

0.9972 
—0.9972 

—1.0000 

0  8758 

0.2094 

—0.9084 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetri- 
cal Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

c 
o 

6% 

Story  Nil 

3 

Story  No.  4 

Story  No.  5 

Story  No.  6 

c-   C   S3 
•g,  g  3 

S2a 

*3 

^A3 

0B8 

R, 

0  m 

0a 

RB 

0A5 

*B5 

R6 

0A« 

#B6 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of   .0001 

14 
15 
16 

1 
1 
1 

—0.2689 
—3.4490 
—2.4033 

—0.2980 
—0.2357 
—3.5179 

2.1881 
2.9999 

—0.7294 
—0.4993 

—0.5007 

0.4564 
—0.1532 
—0.4548 

14-15 

14-16 

0 
0 

3.1802 
2.1344 

—0.0623 
3.2199 

—2  1881 
— 2 . 9999 

0.7294 
0.4993 

0.5007 

0.6096 
0.9112 

17 
18 
J 
K 

1 
1 
1 
1 

— 0  0196 

1.5086 
1.0028 

— 0.6881 

—1.4057 
—4.0057 
—3.0000 

0.2294 
0.2339 
1.0000 
4.7628 

0.2346 
1.0028 
0.5508 

—2.4914 

0.8302 

0.1917 

0.4270 

-0.8546 

0  0000 

17-18 
18-K 
J-K 

0 
0 

0 

—1.5282 
1.5086 
1.0028 

0.7176 

1.5943 

—1.0057 

—0.0046 
—4  5290 
—3.7628 

—0.2346 

—0.3162 

0.4520 

2.4914 
2.4914 

—0.8302 
—0.8302 

—0.2353 

0.4270 

—0.8546 

18 

20 
21 
L 

1 
1 
1 
1 

—0.4696 

1.0568 

—1.0028 

—3.0000 

0.0030 
—3.0019 
—3.7520 

0.5496 

0.1535 

—0.2096 

0.4507 

7.0255 

1.6514 

2.4842 
—2.5691 

—0.5503 
—0.8279 

0.8564 

0.1540 

0  2830 

—0.8521 

0.0000 

19-20 
20-21 
20-L 

0 

0 
0 

—1.5264 
2.0596 
4.0568 

3.0049 

0.7501 

—3  5515 

0.3631 
— 0  6603 
—7.2351 

— 1.6514 

— 0.8328 

4.2205 

0.5503 

0.2776 

—0  5503 

—0.8564 

—0.1290 
1.1352 
0.2830 

22 
23 
24 

1 
1 
1 

—1.9687 

0.3642 

—0.8754 

—0.2379 
—0.3206 
— 1 . 7836 

1.0819 

—0.4044 

1.0404 

—0.3605 

0 . 1348 

—0.1357 

—0.2111 

0.0846 
0.5512 
0.0697 

18-33 

23-24 

0 
0 

—2.3329 
1.2397 

0.0827 
1.4630 

1 . 4863 
—1.4448 

—0.4953 
0.2705 

0.2111 

—0.4666 
0.4815 

25 
26 
M 

N 

1 
1 
1 
1 

—0.0355 
1.1803 
1.0340 

—0.6371 
—1 .  1657 
—4.0684 
—3  0000 

0.2123 

0.2182 
1.0000 
5.3260 

0.1703 

1.0340 
0.6632 

—3.0000 

1.0000 

0.2000 

0.3884 

—0.9609 

0.0000 

25-26 
25-M 
M-N 

0 
0 
0 

—1.2158 

— 1  0695 

1.0340 

0.5286 
3.4313 

—1.0684 

—0.0059 
—0 .  7877 
—4.3260 

—0.1703 

—1.0340 

0.3708 

3.0000 

—1.0000 

—0.1884 

1.1609 

—0.9609 

27 
28 
29 
0 

1 
1 

1 
1 

—0.4348 
—3.2083 
—1.0333 
—3  0000 

0.0048 

0.7365 

—4 .  1842 

—0.6415 

0.1401 
0.9658 
0.3586 
7.6321' 

2.9016 
—3  0000 

—0.9672 

1.0000 

0.1550 
—1.0855 
—0.9294 

0.0000 

27-28 
28-29 
29-0 

0 
0 
0 

2.7735 

—2  1750 

1.9667 

—0.7316 

4.9207 

—4.8257 

— 0.8267 

0.6082 

—7.2735 

—2  9016 
5.9016 

0.9672 
—0.9672 

—1.0000 

1.2405 
—0.1561 
—0.9294 

30 
31 
32 

1. 

1 

1 

—0.2638 
—2.2623 
—2.4540 

—0.2981 
—0.2796 
—3.6986 

1.3341 
3.0004 

—0.4447 
—0.4918 

—0.5085 

0.4473 

0.0718 

—0.4726 

30-31 
30-32 

0 
0 

1.9985 
2.1902 

—0.0185 
3.4005 

—1.3341 
—3.0004 

0.4447 
0.4918 

0.5085 

0.3755 
0.9199 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetri- 
cal Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


LeftrHand  Member  of  Equation. 

K  fe.2 

J.J0  43 

~  a  « 

Co- 
efficient 
of   .0001 

a 
o 

Story  No.  5 

Story  No.  6 

Story  No.  7 

Story  No.  8 

za 

Rb 

#A5 

0B5 

R6       J      0A6 

#B6 

R7 

#A7 

#B7 

Rs 

#A8 

#B8 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height. 

33 
34 
P 
Q 

1 
1 
1 
1 

—0.0092 
1.5526 
1.0341 

—0.6676 
—1.3698 

—4.0682 
—3.0000 

0.2225 
0.2246 
1.0000 
4.9120 

0.2322 
1.0341 
0.4796 

—2.9285 

0.9762 

0.1879 

0.4200 

—0.8929 

0.0000 

33-34 
33-P 

P-Q 

0 
0 
0 

—1.5618 

—1.0433 

1.0341 

0.7022 

3.4006 

—1.0682 

—0.0020 
— 0  7775 
—3.9120 

—0.2322 

—1.0341 

0.5545 

2.9285 

—0.9762 

—0.2321 

1.0808 

—0.8929 

35 
36 
37 
R 

1 
1 
1 
1 

—0.4497 
—3.2593 
—1.0330 
—3.0000 

0.0013 

0.7452 

—3.7818 

0.4638 

0.1487 
0.9911 
0.5362 
6.5993 

2.8320 
—2.9606 

—0.9440 

0.9870 

0.1486 
—1.0359 
-0.8634 

0.0000 

35-36 
36-37 
37-R 

0 
0 
0 

2.8097 

—2.2263 

1.9670 

—0.7439 

4.5270 

—4.2456 

—0.8425 

0.4549 

—6.0631 

—2.8320 
5.7926 

0.9440 
—0.9440 

—0.9870 

1 . 1845 
—0.1724 
—0.8634 

38 
39 
40 

1 
1 
1 

—0.2648 
—2.0335 
—2.1586 

—0.2998 
—0.2044 
—3.0827 

1.2721 
2.9451 

—0.4240 
—0.4799 

—0.5018 

0.4216 

0.0775 

—0.4390 

38-39 

3S-40 

0 

0 

1 . 7687 
1.8938 

—0.0955 

2.7828 

—1.2721 
—2.9451 

0.4240 
0.4799 

0.5018 

0.3441 
0.8606 

41 
42 
S 
T 

1 
1 
1 
1 

—0.0540 
1.4695 
1.0453 

—0.7192 
—1.5553 
—4.0909 
—3.0000 

0.2397 
0.2534 
1.0000 
4.8920 

0.2650 
1.0453 

0.4460 

—3.0000 

1.0000 

0.1946 

0.4544 

—0.7281 

0.0000 

41-42 
41-S 
S-T 

0 
0 
0 

—1.5235 

—1.0993 

1.0453 

0.8361 

3.3717 

—1.0909 

-0.0137 
—0.7603 
—3.8920 

—0.2650 

—1.0453 

0.5993 

3.0000 

—1.0000 

—0.2599 

0.9227 

—0.7281 

43 
44 
45 

U 

1 
1 

1 
1 

—0.5489 
—3.0672 
—1.0436 
—3.0000 

0.0090 

0.6916 

—3.7234 

0.4267 

0.1739 
0.9510 
0.5733 
6.4233 

2.8700 
—3.0000 

—0.9567 

1.0000 

0.1706 

-0.8394 

0.6964 

0.0000 

43-14 
44-15 
45-U 

0 
0 
0 

2.5183 

—2.0236 

1.9564 

—0.6826 

4.4150 

—4.1501 

—0.7781 

0.3777 

—5.8500 

—2.8700 
5.8700 

0.9567 
—0.9567 

—1.0000 

1.0100 
—0.1430 
—0.6964 

46 
47 

48 

1 
1 
1 

—0.2711 
—2.1818 
—2.1213 

—0.3090 
—0.1867 
—2.9903 

1.4184 
3.0006 

-0.4728 
—0.4890 

—0.5111 

0.4011 

0.0706 

—0.3560 

46-47 
46-48 

0 
0 

1.9108 
1.8502 

—0.1223 
2.6813 

—1.4184 
—3.0006 

0.4728 
0.4890 

0.5111 

0.3304 
0.7570 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  eor  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

W  S3  o 

a 
o 

o  a 

Story  No.  7 

Story  No.  8 

Story  No.  9 

Story  No.  10 

A  -O  '■& 

la  ft  * 

■Si  a 

52w 

.  3 

*7 

*A7 

*m 

*8 

#A8 

0B8 

R» 

#A9 

#B9 

^10 

#A10 

^BIO 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

40 
50 
V 
W 

1 
1 
1 
1 

—0.0640 
1.4491 
1.0453 

—0.7422 
—1.6219 
—4.0909 
—3.0000 

0.2474 
0.2643 
1.0000 
4.0073 

0.2763 
1.0453 
0.2683 

—2.2056 

0.7352 

0.1729 

0.4093 

—0.6741 

0.0000 

49-50 
49-V 
V-W 

0 
0 
0 

—1.5131 

—1.1093 

1.0453 

0.8797 

3.3487 

—1.0909 

—0.0169 
—0.7526 
—3.0073 

—0.2763 
—1.0453 
—0.7770 

2.2056 

—0.7352 

—0.2363 

0.8470 

—0.6741 

51 

52 
53 
X 

1 
1 
1 

1 

—0.5814 
—3.0186 
—1.0436 
—3.0000 

0.0112 

0.6784 

—2.8769 

0.2567 

0.1826 
0.9423 
0.7433 
5.1933 

2.1100 
—2.6100 

—0.7036 

0.8700 

0.1562 
—0.7636 
—0.6449 

0.0000 

51-52 
53-53 
53-X 

0 
0 
0 

2.4372 

—1.9750 

1.9564 

—0.6672 

3.5553 

—3 .  1336 

—0.7598 

0.1990 

—4.4500 

—2.1100 
4.7200 

0.7036 
—0.7036 

—0.8700 

0.9198 
—0.1187 
—0.6449 

54 
55 

56 

1 
1 
1 

—0.2738 
—1.8002 
— 1  6019 

— 0.3117 

— 0.1008 
— 2.2747 

1.0685 
2.4127 

—0.3563 
—0.3597 

—0.4447 

0.3774 

0.0601 

—0.3296 

:>\  -.55 

54-56 

0 
0 

1.5265 
1.3281 

—0.2110 
1.9630 

—1.0685 
—2.4127 

0.3563 
0.3597 

0.4447 

0.3173 
0.7070 

57 
58 
Y 
Z 

1 
1 
1 

1 

—0.1382 
1.4779 
1.2371 

—0.7000 
—1.8165 
—4.4743 
—3.0000 

0.2334 
0.2708 
1.0000 
4.7299 

0.3348 
1.2371 
0.3649 

—3.0000 

1.0000 

0.2079 

0.5323 

—0.8484 

0.0000 

57-58 

57-Y 

Y-Z 

0 
0 
0 

—1.6161 

—1.3753 

1.2371 

1.1165 

3.7743 

—1.4743 

—0.0374 
—0.7666 
—3.7299 

—0.3348 

—1.2371 

0.8722 

3.0000 

—1.0000 

—0.3245 

1.0562 

—0.8484 

59 

60 

61 

a 

1 
1 

1 
1 

—0.6908 
—2.7443 
—1.1018 

—3.0000 

0.0231 

0.5574 

—3.0151 

0.2950 

0.2072 
0.8995 
0.7051 
5.6705 

2.4253 
—3.0000 

—0.8084 

1.0000 

0.2008 
—0.7681 
—0.6859 

0.0000 

59-60 
60-61 
61-a 

0 
0 

0 

2.0535 

—1.5525 

1.8082 

—0.5342 

3.5725 

—3.3102 

—0.6924 

0.1945 

—1.9654 

—2.4253 
5.4253 

0.8084 
—0.8084 

—1.0000 

0.9689 
—0.0822 
—0.6859 

62 
63 
64 

1 

1 
1 

—0.2602 
—2.3013 
—1.8308 

— 0  3372 
—0.1253 
—2.7462 

1.5624 
3.0000 

—0.5207 
—0.4471 

—0.5531 

0.4719 

0.0529 

—0.3793 

62-63 
62-64 

0. 
0 

2.0411 
1.5706 

—0.2119 
2.4090 

—1.5624 
—3.0000 

0.5207 
0.4471 

0.5531 

0.4189 
0.8512 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

C    o 

a      a 
W  83.2 

a 
"31a 

Story  No.  9 

Story  No.  10 

Story  No.  11 

Story  No.  12 

£1=1 

o  cr 

y-^ 

«9 

#A9 

0B9 

R10 

#A10 

0B1O 

*ll 

0A11 

#B11 

R12 

#A12 

#B12 

Co- 

efficient 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

of    .0001 

65 
66 
b 
c 

1 
1 
1 
1 

—0.1038 
1  5340 
1.2371 

—0.7655 
—1.9103 
—4.4743 
—3.0000 

0.2551 
0.2847 
1.0000 
4.5120 

0.3522 
1.2371 
0.3649 

—2.6730 

0.8911 

0.2053 

0.5420 

—0.7771 

0.0000 

65-66 
65-b 
b-c 

0 
0 
0 

— 1 . 6378 

—1.3409 

1.2371 

1 . 1448 

3.7088 

—1.4743 

— 0.0296 
— 0.7449 

—3  5120 

—0.3522 

—1.2371 

0.8722 

2.6730 

—0.8911 

—0.3367 

0.9824 

—0.7771 

67 
68 
69 
d 

1 
1 
1 
1 

—0.6991 
—2.7660 
—1.1918 
—3.0000 

0.0180 

0.5555 

—2.8392 

0.2950 

0.2151 
0.9226 
0.7050 
5.1954 

2.1610 
—2.2873 

—0.7204 

0.7624 

0.2056 
—0.7327 
—0.6283 

0.0000 

67-68 
68-69 
69-d 

0 
0 
0 

2.0669 

—1.5742 

1.8082 

—0.5375 

3.3947 

—3.1342 

—0.7075 

0.2176 

—4.4904 

—2  1610 
4.4483 

0.7204 
—0.7204 

—0.7624 

0.9383 
—0.1044 
—0.6283 

70 
71 
72 

1 
1 

1 

—0.2601 
—2.1566 
— 1 . 7333 

—0.3423 
—0.1382 
—2.4833 

1.3728 
2.4602 

—0.4576 
—0.3984 

—0.4216 

0.4540 

0.0663 

—0.3474 

70-71 
70-72 

0 

0 

1.8865 
1.4732 

—0.2041 
2.1310 

—1.3728 
—2.4602 

0.4576 
0.3984 

0.4216 

0.3877 
0.8014 

73 
74 

e 

f 

1 
1 
1 
1 

—0.1082 
1.4464 
1.0585 

—0.7277 
—1.6700 
—4.1170 
—3.0000 

0.2426 
0.2705 
1.0000 
4.8195 

0.2862 
1.0585 
0.4096 

—3.0000 

1.0000 

0.2055 

0.5441 

—0.7926 

0.0000 

73-74 
73-e 
e-f 

0 
0 
0 

—1.5547 

— 1 . 1668 
1.05S5 

0.9422 

3.3893 

—1.1170 

—0.0278 
—0.7574 
—3.8195 

—0.2862 

—1.0585 

0.6499 

3.0000 

—1.0000 

—0.3385 

0.9981 

—0.7926 

75 
76 

77 
g 

1 

1 
1 
1 

—0.6061 
—2.9051 
—1.0553 
—3.0000 

0.0179 

0.6492 

—3.6083 

0.3869 

0.1841 
0.9076 
0.6140 
6.1913 

2.8343 
—3.0000 

—0.9449 

1.0000 

0.2178 

—0.8555 

—0.7488 

0.0000 

75-76 
76-77 

77-g 

0 
0 
0 

2.2990 

—1.8498 

1.9447 

—0.6313 

4.2575 

—3.9952 

—0.7235 

0.2936 

—5.5773 

—2.8343 
5.8343 

0.9449 
—0.9449 

—1.0000 

1.0733 
—0.1067 
— 0.7488 

78 
79 
80 

1 
1 
1 

—0.2746 
—2.3018 
—2.0547 

— 0  3147 
—0.1587 
—2.8682 

1.5323 
3.0003 

—0.5109 
— 0.4S59 

—0.5143 

0.4669 

0.0577 

—0.3851 

78-79 
78-80 

0 
0 

2.0272 
1.7801 

—0.1560 
2.5535 

— 1.5323 
— 3.0000 

0.5109 
0.4859 

0.5143 

0.4092 
0.8519 
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Table  14.- — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

12- 
go 

—  S  o 

«2w 

a 
o 

Story  No.  11 

Story  No.  12 

Story  No.  13 

Story  No.  14 

■  3 

*11 

6 'a  i  i 

0B11 

R19 

#A12 

#B12 

R13 

#A13 

^B13 

RU 

0  A 14 

0B14 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 

of  .0001 

81 

82 
k 
i 

l 
l 
l 
l 

—0.0769 
1  4i44 
1.0585 

—0.7559 
—1.6854 
-4.1170 
—3.0000 

0.2520 
0.2730 
1.0000 
4.7660 

0.2889 
1.0585 
0.4096 

—2.9205 

0.9734 

0.2018 

0.4786 

—0.7128 

0.0000 

81-82 
81-h 
h-i 

0 
0 
0 

— 1  5113 

— 1  1355 

1.0585 

0  9294 

3.3611 

— 1.1170 

—0.0210 
—0.7480 
—3.7660 

—0.2889 

—1.0585 

0.6489 

2.9205 

—0.9734 

—0  2768 

0  9147 

—0.7128 

83 
84 
85 
J 

1 
1 
1 

1 

— 0.6150 

—2.9602 
— 1  0553 
—3  0000 

0.0139 

0.6587 

—3.5583 

0.3869 

0.1911 
0.9323 
0.6131 
6  0609 

2.7592 

—2.8040 

—0.9197 

0.934; 

0.1831 
—0.8055 
—0.6734 

0.0000 

83-84 
84-85 

85-j 

0 
0 
0 

2.3452 

— 1  9049 

1.9447 

—0.6449 

4.2170 

— 3.9452 

—0.7412 

0.3192 

—5.4478 

—2.7592 
5.5632 

0.9197 
—0.9197 

—0.9347 

0  9886 
—0  1321 
—0.6734 

86 
87 
88 

1 
1 
1 

— 0.2750 

—2.2137 

—2.0288 

—0.3160 
—0.1676 
—2.8015 

1.4484 

2.8609 

— 0.4823 
—0.4730 

—0.4807 

0.4216 

0.0693 

—0.3463 

86-87 
86-88 

0 
0 

1.9387 
1 . 7539 

—0.1485 
2.4*55 

—1.4484 
—2.8609 

0.4828 
0.4730 

0.4S07 

0.3522 
0.7679 

89 
90 
k 

1 

1 
1 
1 
1 

—0.0766 
1.4173 
1  0164 

—0.7471 
—1.6314 
—4  l«29 
—3  0000 

0.2490 
0  2697 
1.0000 
4.8417 

0.2741 
1.0164 
0.4208 

—3.0000 

1.0000 

0.1816 

0.4378 

—0.6503 

0.0000 

89-90 
89-k 
k-1 

0 
0 
0 

— 1.4939 
— 1 . 0930 

1.0164 

0.8842 

3.2857 

—1.0329 

—0.0207 
— 0  7510 
—3.8417 

—0.2741 

—1.0164 

0.5956 

3.0000 

— 1  0000 

—0.2562 

0.8320 

—0.6503 

91 
92 
93 
m 

1 

1 
1 
1 

—0.5920 
—3.0063 
—1.0163 
— 3  0000 

0.0138 

0  6871 

—3.7802 

0.4140 

0.1835 
0.9299 
0.5861 
6.3443 

2.9520 
—3.0000 

— 0.9S40 

1.0000 

0.1715 
—0.7612 
—0.6399 

0.0000 

91-92 
92-93 
93-m 

0 
0 
0 

2.4143 

—1.9900 

1.9837 

—0.6733 

4  4673 

—4.1942 

—0.7464 

0.3438 

—5.7582 

—2.9520 
5.9520 

0.9S40 
—0.9840 

—1.0000 

0.9327 
— 0.1213 
— 0.6399 

94 
95 

96 

1 
1 
1 

-0.2789 
-2.2413 
-2.1143 

-0.3092 
—0.1728 
—2.9030 

1.4834 

3.0000 

—0.4945 
—0.4961 

—0.5042 

0.3863 

0.0610 

—0.3226 

94-95 
94-96 

0 
0     . 

1.9624 
1.8354 

-0  1364 
2.5938 

—1.4834 
—3.0000 

0.4945 
0  4961 

0.5042 

0.3254 
0.7089 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

go 

a 

Story  No.  13 

Story  No.  14 

Story  No.  15 

Story  No.  16 

•si" 

4* 
2;h 

*13 

#A13 

0B13 

Ru 

#AH 

#B14 

*16 

#A15          #B15 

*lfi 

#A16 

#B16 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

97 
98 
n 

0 

1 
1 
1 

1 

— 0  0695 
1.4135 
1.0164 

—0.7559 
—1.6349 
—4.0329 
—3.0000 

0.2520 
0.2704 
1.0000 
4.4044 

0.2747 
1.0164 
0.420S 

—2.3443 

0.7814 

0.1658 

0.3863 

—0.5711 

0.0000 

97-98 
97-n 
n-o 

0 
0 
0 

— 1.4S30 

—1.0859 

1.0164 

0.8790 

3.2769 

—1.0329 

—0.0184 
— 0.74S0 
—3.4044 

—0.2747 

—1.0164 

0.5956 

2.3443 

—0.7814 

—0.2205 

0.7369 

—0.5711 

99 
100 
101 

P 

1 
1 
1 
1 

—0.5928 

—3.0177 
— 1.0163 
— 3 . 0000 

0.0124 

0.6888 

—3.3497 

0.4140 

0.1853 
0.9360 
0.5860 
5.9148 

2.3067 
—2.3551 

—0.7689 

0.7850 

0.1487 
—0.6786 
—0.5619 

0.0000 

99-100 
100-101 
101-p 

0 
0 
0 

2.4249 

—2.0014 

1.9837 

—0.6765 

4.0385 

—3.7637 

—0.7507 

0.3499 

—5.3287 

—2.3067 
4.6618 

0.7689 
—0.7689 

—0.7850 

0.8274 
—0.1167 
—0.5619 

102 
103 
104 

1 

1 
1 

—0.2790 
—2.0179 
—1.8974 

—0.3096 
—0.1748 

—2.6867 

1 . 1525 
2.3505 

—0.3842 
—0.3877 

—0.3953 

0.3412 

0.0583 

—0.2833 

102-103 
102-104 

0 
0 

1.7389 
1.6184 

—0.1348 
2.3771 

—1.1525 
—2.3505 

0.3842 
0.3877 

0.3958 

0.2829 
0.6246 

105 
106 

q 

r 

1 
1 
1 
1 

—0.0775 
1.4690 
1.0210 

—0.6624 
—1.4525 
—4.0419 
—3.0000 

0.2209 
0.2396 
1.0000 
5.0771 

0.2446 
1.0210 
0.5385 

—3.0000 

1.0000 

0.1627 

0.3859 

—0.6258 

0.0000 

105-106 
105-q 
q-r 

0 
0 
0 

—1.5465 

—1.0985 

1.0210 

0.7901 

3.3795 

—1.0419 

—0.0186 
—0.7790 
—4.0771 

—0.2446 

—1.0210 

0.4825 

3.0000 

—1.0000 

—0.2232 

0.7886 

—0.6258 

107 
108 
109 

8 

1 
1 
1 
1 

—0.5109 
—3.0762 
—1.0206 
—3.0000 

0.0120 

0.7092 

—3.9933 

0.5274 

0.1581 
0.9294 
0.4726 
6.9832 

2.9383 
—3.0000 

—0.9795 

1.0000 

0.1444 
—0.7178 
—0.6130 

0.0000 

107-1 OS 
[08  109 

109-s 

0 
0 
0 

2.5653 

—2.0556 
1.9794 

—0.6972 

4.7025 

—4.5207 

—0.7713 

0.4568 

—6.5106 

—2.9383 
5.9383 

0.9795 
—0.9795 

—1.0000 

0.8622 
—0.1048 
—0.6130 

110 
111 
112 

1 
1 
1 

—0.2718 
—2.2875 
—2.2836 

—0.3006 
—0.2222 
—3.2888 

1.4294 
3.0000 

-0.4765 
—0.4946 

—0.5052 

0.3361 

0.0510 

—0.3097 

110-111 
111-112 

0 
0 

2.0157 
2.0118 

—0.0784 
2.9882 

—1.4294 
—3.0000 

0.4765 
0.4946 

5052 

0.2851 
0.6457 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

W  v.9 

i-ai 

a 
o 

Story  No.  15 

Story  No.  16 

Story  No.  17 

Story  No.  18 

jgf 

R« 

0A1B 

<V.K. 

Rifl 

0Aie 

0Bie 

Rv 

*A17 

01517 

R18 

#A18 

#B18 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

113 

114 
t 

a 

1 
1 
1 
1 

—0.0389 
1.4854 
1.0210 

—0.7091 
—1.4913 
—4.0419 
—3.0000 

0.2364 
0,2459 
1.0000 
4.9092 

0.2511 
1.0210 
0.5385 

—2.7480 

0.9161 

0.1414 

0.3210 

—0.5209 

0.0000 

113-114 
113-t 
t-u 

0 
0 
0 

—1.5243 

—1.0599 

1.0210 

0.7822 

3.3328 

—1.0419 

—0.0095 
—0.7636 
—3.9092 

— 0.2511 
— 1.0210 

0.4825 

2.7480 

—0.9161 

—0.1796 

0.6624 

—0.5209 

115 
116 
117 

V 

1 
1 
1 
1 

—0.5132 
—3.1444 
—1.0206 
—3.0000 

0.0062 

0.7204 

—3.8290 

0.5281 

0.1647 
0.9633 
0.4726 
6.8055 

2.6916 
—2.7161 

—0.8973 

0.9054 

0.1178 
—0.6249 
—0.5102 

0  0000 

115-116 

116-117 

117-v 

0 
0 
0 

2.6312 

—2.1238 

1.9794 

—0.7142 

4.5494 

—4.3571 

—0.7986 

0.4907 

—6.3329 

—2.6916 
5.4077 

0.8973 
—0.8973 

—0.9054 

0.7427 
—0.1147 
—0.5102 

118 
119 
120 

1 
1 
1 

—0.2714 
—2.1422 
—2.2013 

—0.3035 
—0.2310 
—3.1993 

1.2673 
2.7318 

—0.4225 
—0.4533 

—0.4574 

0.2823 

0.0540 

—0.2579 

118-119 
118-120 

0 
0 

1.8708 
1.9299 

—0.0724 
2.8958 

—1.2673 
—2.7318 

0.4225 
0.4533 

0.4574 

0.22.82 
0.5399 

121 

122 
w 

X 

1 
1 
1 
1 

—0.0387 
1.5027 
1.0092 

—0.6774 
—1.4177 
—4.0214 
—3.0000 

0.2259 
0.2353 
1.0000 
5.1753 

0.2374 
1.0092 
0.5878 

—3.0000 

1.0000 

0.1220 

0.2802 

—0.4542 

0.0000 

121-122 
121-w 
w-x 

0 
0 
0 

—1.5414 

-1.0479 

1.0092 

0.7403 

3.3440 

—1.0211 

—0.0094 
—0.7741 
—4.1755 

—0.2374 

—1.0092 

0.4214 

3.0000 

—1.0000 

—0.1582 

0.5762 

—0.4542 

123 
124 
125 

y 

1 
1 
1 

1 

—0.4810 
—3.1958 
—1.0136 
—3.0000 

0.0061 

0.7398 

—4.1437 

0.5833 

0.1542 
0.9630 
0.4182 
7.3021 

2.9773 
—3.0000 

—0.9924 

1.0000 

0.1028 
—0.5507 
—0.4507 

0.0000 

123-124 
124-125 
125-y 

0 
0 
0 

2.7148 

—2.1822 

1.9864 

-0.7337 

4.8835 

^.7270 

-0.80S8 

0.5448 

—6.8839 

—2.9773 
5.9773 

0.9924 
—0.9924 

—1.0000 

0.6535 
—0.0999 
—0.4507 

126 
127 
128 

1 
1 

1 

-0.2703 
-2.2380 
-2.3797 

-0.2979 
-0.2496 
-3.4655 

1.3644 
3.0093 

-0.4548 
—0.4996 

—0.5035 

0.2407 

0.0458 

—0.2269 

126-127 
126-128 

0 
0 

1.9677 
2.1094 

-0.0483 
3.1676 

—1.3644 
—3.0093 

0.4548 
0.4996 

0.5035 

0.1949 
0.4677 
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Table  14. — (Continued). 


Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

^-5'ii 

a 

i_  o 

Story  No.  17 

Story  No.  18 

Story  No.  19 

Story  No.  20 

-all 

O  3 

*3 

R17 

#A17 

#B17 

R18 

#A18 

#B18 

R\9 

#A19 

#B19 

R20 

0A2O 

#B20 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

129 
130 
z 
A' 

1 
1 

1 
1 

—0.0215 
1.5017 
1.0092 

—0.6935 
—1.4268 
—4.0214 
—3.0000 

0.2311 
0.2369 
1.0000 
5.1755 

0.2387 
1.0092 
0.5878 

—3.0000 

1.0000 

0.0991 

0.2217 

—0.3412 

0.0000 

129-130 
129-z 
z-A' 

0 
0 
0 

—1.5262 

—1.0337 

1.0092 

0.7333 

3  3279 

—1.0214 

—0.0057 
—0.7689 
—4.1755 

—0.2387 

—1.0092 

0.4214 

3.0000 

—1.0000 

—0.1226 

0.4403 

—0.3412 

131 
132 
133 
B' 

1 

1 
1 
1 

—0.4805 
— 3.2197 
— 1  0120 
— 3 . 0000 

0.0037 

0.7438 

—4.1373 

0.5833 

0.1564 
0.9764 
0.4176 
7.3021 

2.9727 
—3.0000 

—0.9909 

1.0000 

0.0804 
—0.4260 
—0.3381 

0.0000 

131-132 
132-133 
133-B' 

0 
0 
0 

2.7392 

—2.2077 
1.9880 

—0.7401 
4.8811 

—4.7206 

—0.8200 

0.5588 

—6.8846 

—2.9727 
5.9727 

0.9909 
—0.9909 

—1.0000 

0.5063 
—0.0879 
—0.3381 

134 
135 
136 

1 

1 
1 

—0.2702 
—2.2110 
—2.3745 

—0.2993 
—0.2531 
—3.4629 

1.3465 
3.0042 

—0.4485 
—0.4980 

—0.5030 

0.1849 

0.0398 

—0.1701 

134-135 
134-136 

0 
0 

1.9408 
2.1043 

—0.0462 
3.1635 

—1.3465 

—3.0042 

0.4485 
0.4980 

0.5030 

0.1451 

0.3549 

137 
138 
C' 
D' 

1 
1 
1 
1 

—0.0238 
1.5034 
1.0092 

—0.6938 
—1.4277 
—4.0214 
—3.0000 

0.2311 
0.2367 
1.0000 
5.1755 

0.2390 
1.0092 
0.5878 

—3.0000 

1.0000 

0.0747 

0.1687 

—0.2275 

0.0000 

137-138 
137-C' 
C'-D' 

0 
0 
0 

— 1.5272 
— 1.0330 

1.0092 

0.7339 

3.3276 

—1.0214 

—0.0056 
—0.7689 
—4.1755 

—0.2390 

—1.0092 

0.4214 

3.0000 

—1.0000 

—0.0939 

0.3022 

— 0  2275 

139 
140 
141 
E' 

1 
1 
1 

1 

—0.4806 
—3.2214 
—1.0121 
—3.0000 

0.0036 

0.7444 

—4.1377 

0.5833 

0.1565 
0.9769 
0.4176 
7.3021 

2.9727 
—3.0000 

—0.9909 

1.0000 

0.0615 
—0.2926 
—0.2254 

0.0000 

139-140 
140-141 
141-E' 

0 
0 
0 

2.7408 

—2.2093 

1.9879 

—0.7407 

4.8821 

—4.7210 

—0.8204 

0.5594 

—6.8846 

—2.9727 
5.9727 

0.9909 
—0.9909 

—1.0000 

0.3541 
—0.0672 
—0.2254 

142 
143 
144 

1 

1 
1 

— 0  2703 
—2.2099 
—2.3749 

—0.2993 
—0.2532 
—3.4632 

1.3455 

3.0046 

—0.4485 
—0.4985 

—0.5031 

0.1292 

0.0304 

—0.1134 

142-143 
142-144 

0 
0 

1.9396 
2.1047 

—0.0461 
3.1639 

—1.3455 
—3.0046 

0.4485 
0.4985 

0.5031 

0.0988 
0.2426 

145 
146 
F' 
G' 

1 
1 
1 
1 

—0.0238 
1.5034 
1.0092 

—0.6938 
—1.4278 
—4.0214 
—3.0000 

0.2313 
0.2369 
1.0000 
3.1759 

0.2390 
1.0092 
0.5878 

0.0509 

0.1153 

—0.1137 

0.0000 

145-146 
145-F' 
F'-G' 

0 
0 
0 

—1.5272 

—1.0330 

1.0092 

0.7340 

3.3276 

—1.0214 

—0.0056 
—0.7687 
—2.1759 

—0.2390 

—1.0092 

0.4214 

—0.0643 

0.1647 

—0.1137 

147 
148 
149 
H' 

1 
1 
1 

1 

—0.4806 
—3.2217 
—1.0122 
—3.0000 

0.0037 

0.7442 

—2.1563 

0.5834 

0.1565 
0.9770 
0.4176 
5.3033 

0.0421 
—0.1594 
—0.1127 

0.0000 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

-a 

Story  No.  19 

Story  No.  20 

a 
o 

Rn 

0A19 

#M9 

R-i0 

0A2O 

#B20 

Co- 

ii 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

147-14$ 
149-149 
149-H' 

0 
0 
0 

2.7411 

—2.2095 

1.9878 

—0.7406 

2.9005 

—2.7397 

—0.8205 
0.5595 

—4.8857 

0.2015 
—0.0467 
—0.1127 

150 
151 
152 

1 

1 
1 

—0.2702 
— 1  3129 
— 1.3783 

—0.2993 
—0.2531 
—2.4580 

0.0735 

0.0211 

—0.0567 

150-151 
150-152 

0 
0 

1.0427 
1 . 1081 

—0.0462 

2.1587 

0.0524 
0.1302 

153 
154 

1 
1 

—0.0443 
1.9480 

0.0502 
0.1175 

153-154 

—1.9923 

—0.0673 

155 

1.0000 

0.0338 

66 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


Table  15. 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 

The  equations  are  taken  from  Table  14. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 
Member  of 
Equation 

Coefficient  of 
.0001 

155 

0B2O 

= 

.0338 

153 

#A20  —     0443  #B20 

.0443  x   .00000338 

#A20 

= 

0502 
.0015 

.0517 

150 

RX>-  ■  2702  tfA20  -.2993   0B2O 

.2702  x   .00000517 
.2993  x   .00000338 

^20 

= 

.0735 
.0140 
.0101 

.0976 

147 

etm~  1806  R20  +   .0037  0A2O  +     1565  0B8O 

.4806  x   .00000976 
.0037  x   .00000517 
1565  x   .00000338 

^B19 

- 

.0421 
0469 

.0890 

.0002 
.0053 

—  .0055 

.0835 

145 

<?A19  -    0238^i8  -     6938  «»  +     2313  0An 

.0238  x   .00000835 
.6938  x   .00000976 
.2313  x   .00000517 

#A19 

.0509 
.0020 
0676 

.1205 

—  0120 

.1085 

142 

Rl9  -  .2703  0A19  -  .2993  0m9 

. 2703  x  . 00001085 
.2993  x  .00000835 

^19 

= 

.1292 
0294 
0250 

.1836 

139 

0B1X  —    4806  R,9  +     0037  0A19  +   .15660BM 

.4806  x  .00001836 
.0037  x   .00001085 
1565  x   .00000835 

0B1K 

= 

.0615 
.0881 

.1496 

0004 
.0131 

—  .0135 

.1361 

137 

0AU    -  .0238  0B18  -  .6938  *„  +   .2311  0A19 

.0238  x   .00001361 
.6938  x   .00001836 
.2311  x  .00001085 

#A1X 

= 

.0748 
.0032 
.1272 

.2052 

—  .0251 

.1801 

134 

Ru-  2702  0AW-.  2994  0B18 

.2702  x  .00001801 
.2994  x  .00001361 

*18 

= 

.1849 
.0486 
0407 

.2742 
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Table  15. — (Continued). 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  hie  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  Kroup  is  the  algebraic  form  of  the  equation. 

The  successive  lines  are  the  numerical  values  of  the  terms. 

ElightrHand 

Member  of 

Kquation 

Coefficient  of 
0001 

131 

0BM 

—    4805  &u  + 

.0038  0Mg  +     1504  ffgjg 

.4805  x 

.0038  \ 
L564  i 

.00002742 

101801 

00001361 

#B  7 

= 

USUI 

.1319 

2123 

0007 

0213  - 

0220 



.1903 

129 

#.\  17 

-    ■««  ^B17  - 

6935/?18  +    2311  eAW 

.0246  x 
.6935  x 
2311  x 

i  iiimiii:iii:i 
00002,42 
00001801 

0.U7 

= 

.0991 
0047 
.1905 

2943 

0416 

.2527 

126 

Rn 

-  .2703  0U7  - 

.2979  0m7 

2703  x 
2979  \ 

00002527 

00001903 

i?,7 

= 

.2407 
0682 

.0566 

.3655 

123 

^Blfi 

—     4810  tfn  + 

0061  0AV  +   .  1542  0B17 

4810  x 

0061  x 
.1542  x 

00003655 
00002527 

.00001903 

"bik 

= 

.1028 
175S 

.27S6 

.0015 
.0294  - 

.0309 

.2477 

121 

0A1« 

-  .0387  0B16  - 

.6774fl];  +     2259  0A„ 

0387  \ 

i>774  x 

2259  x 

00002477 
.00003655 
.00002527 

0.UK 

= 

.  1220 
0096 
24  73 

.3789 

0570 

.3219 

lis 

RH\ 

-    2714  0A]fi  - 

3035  0Blf 

.'714  x 
3035  x 

00003219 
.00002477 

«lfi 

= 

.2823 
0873 
0/52 

.4448 

115 

#IS15 

—    5132ivm  + 

0062  0A1B  +   .1647  eme 

5132  x 
.0062  x 
. 1647  x 

.00004448 
.00003219 
00002477 

#Bli 

.1178 
.2280 

.3458 

.0020 

0408  — 

0428 

.3030 

113 

0.U5 

-  .0389  0mb  - 

7091  R16  +     2364  0MI. 

.0389  x 
7091  x 
.2364  x 

.00003030 
.00004448 
.00003219 

0A1S 

1414 
.0118 
3180 

4712 

— 

0762 

.3950 

110 

«« 

-  .2718  0U5  - 

.3006  0B)5 

.2718  x 
.3006  x 

0 13950 

00003030 

Rio 

= 

.3361 
.1072 
.0912 

.  5345 

107 

#BU 

—   .5109  R|g  + 

0120  0U5  -     1581  6»B15 

5109  x 
0120  x 
1581  x 

00005345 

.00003950 
00003030 

#BH 

= 

1444 
2730 

4174 

0047 
0480  — 

0527 

.3647 

US 
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Table  15. — (Continued). 
Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

105 

0AU  -  .0775  eBU  ~  -6624i?15  +   .2210  0A15 

.0775  x 
.6624  x 
.2210  x 

.00003647 
.00005345 
.00003950 

#A14 

= 

.1627 
.0283 
3541 

.5451 

08i3 

.4578 

102 

Ru  —  .2790  ffAn  —    3096  6Bn 

.2790  x 
.3096  x 

.00004578 
00003047 

Rn 

- 

.3412 
.1278 
.1160 

.5S50 

99 

dm3  —  .5928i?u  +   .0124  eAU  +     1853  0lm 

.5928  x 
.0124  x 
. 1853  x 

.00005850 
.00004578 
.00003647 

#B13 

= 

.1487 
.3470 

.4957 

.0057 
.0676  — 

.0733 

.4224 

97 

6A13  -  .0695  0B13  -  .7560  2^  +   .2520  0AU 

.0695  x 
.7560  x 
.2520  x 

.00004224 
.00005850 
.00004578 

0.A13 

= 

.1658 
.0294 
.4420 

.6372 

.1154 

.5218 

94 

R13  -  .2789  0A13  -  .3092  6m3 

.2789  x 
.3092  x 

.00005218 
.00004224 

Rj3 

= 

.3864 
.1458 
.1308 

.6630 

91 

6Bl2  —  .5920tf13  +   .0138  0A13  +     1S35  6B13 

.5920  x 
.0138  x 
.1835  x 

.00006630 
.00005218 

.00004224 

#B12 

= 

.1715 
.3921 

.5636 

.0072 
.0775  — 

.0847 

.4789 

89 

0A12  ~    0766  <?B]2  -  .7472R13  +   .2490  0A13 

.0766  x 
.7472  x 
.2490  x 

.00004789 
.00006630 
.00005218 

0.U2 

= 

.1816 
.0366 
.4960 

.7142 

.1300 

.5842 

86 

Rl2  -  .2750  0A12  -  .3160  6m2 

.2750  x 
.3160  x 

.00005842 
.00004789 

RVi 

= 

.4216 
.1603 
.1511 

.7330 

83 

0Bn  —  .6150  Rn  -   .0139  $A12  +   .1912  0B12 

.6150  x 
.0139  x 
.1912  x 

.00007330 
.00005842 
.00004789 

#BH 

= 

.1831 
.4512 

.6343 

.0081 
.0916  — 

.0997 

.5346 

81 

0.411  —    077°  #B11  —    "lS60Rii  +    2520  eA12 

.0770  x 
.7560  x 
.2520  x 

.00005346 
.00007330 
.00005842 

#A11 

= 

.2018 
.0411 
.5550 

.7979 

.1471 

.6508 

78 

Rn  -  .2746  0AU  -  .3147  0Bn 

.2746  x 
.3147  x 

.00006508 
.00005346 

RU 

= 

.4669 
.1790 
.1681 

.8140 
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Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  succe&sive  lines  are  the  numerical  values  of  the  terms. 

Hight-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

75 

^mo 

—  .6061  Rn  + 

.0179  0AU  +   .1841  0Bn 

.6001  x 
.0179  x 
.1841  x 

.00008140 
.00006508 
.00005346 

^BIO 

= 

.2178 
.4940 

.7118 

.0116 
.0984  — 

.1100 

.6018 

73 

0A1O 

~     1°82  0B1O  " 

-  .7278i?n  +   .2426  0  An 

. 1082  x 
.7278  x 
. 2426  x 

.00006018 
.00008140 
.00006508 

#A10 

= 

.2055 
.6651 
.5925 

.8631 

—  .1580 

.7051 

70 

^10 

-     2601    *A10  - 

-  .3423  0mo 

.2601  x 
.3423  x 

.00007051 
.00006018 

^10 

= 

.4540 
.1833 
.2059 

.8432 

67 

°m 

-  .6991  Rw  + 

.0181  0AK  +   .2151  0mo 

.6991  x 
.0181  x 
.2151  x 

.00008432 
.C0007051 
.00006018 

#B9 

= 

.2056 
.5890 

.7946 

012? 
.1293  — 

.1420 

.6526 

65 

#A9 

—  .  1038  0Bfl  — 

7655/?10  +   .2551  f?AW 

.1038  x 
. 7655  x 
.2551  x 

.00006526 
.00008432 
.00007051 

#A9 

= 

.2053 
.0677 
.6460 

.9190 
.1800 

.7390 

62 

R9 

-  .2602  eM  - 

.3372  0B9 

.2602  x 
.3372  x 

.00007390 
.00006526 

R« 

= 

.4719 
.1922 
.2200 

.8*41 

59 

#B8 

—    6908  Ry  + 

0231  0A9  +  .2072  0ln 

.6908  x 
.0231  x 
.2072  x 

.00008841 
.00007390 
.00006526 

#B8 

= 

.2008 
.6100 

.8108 

.0171 
.1351  — 

.1522 

.6586 

57 

0A8 

~     1382  0Bg- 

7000R9  +   .2334  0A9 

. 1382  x 
.7000  x 
.2334  x 

.00006586 
.00008841 
.00007390 

#A8 

= 

.2079 
.0910 
.6182 

.9171 

.1725 

.7446 

54 

*8 

-  .2738  0M  - 

.3118  0m 

.2738  x 
.3118  x 

.00007446 
.00006586 

*8 

= 

.3774 
.2038 
.2055 

.7867 

51 

*B7 

—  .5814  i?s  + 

0112  0M  +   .1826  0^ 

.5814  x 

1)112  x 
1826  x 

.00007867 
.00007446 
.00006586 

#B7 

= 

.1562 
.4570 

.6132 

.0083 
. 1203  - 

.1286 

.4846 
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Table  15. — (Continued). 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Sim  \  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equal 
The  successive  lines  are  the  numerical  values  of  the  terms. 

ion. 

Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

49 

*A7 

—  .0640  0BT  —  .7422i?8  +   .2474  0Ag 

.0640  x 
.7422  x 
2474  x 

00004846 
00007867 
00007446 

0A7 

= 

.1729 
.0310 
.5845       .7884 

—  .1840 

.6044 

46 

Rj  - 

-    2711  0A,  -    3090  em 

2711  x 
.3090  x 

00006044 
00004846 

R: 

= 

.4011 
.1639 
1497 

.7147 

43 

0m 

—  .5489  R7  +  .0090  0^7  +   .1739  0K? 

.5489  x 
.0090  x 
. 1739  x 

.00007147 
00006044 
.00004846 

Qw< 

= 

.1700 

.3920       .5626 

.0054 

.0842  —.0896 
.4730 

41 

0A6 

—    0540  dm  —     7192  R-  +     2397  0A? 

0540  x 

7 lit.'  x 
.2397  x 

.00004730 
.00007147 
.  00006044 

*A6 

= 

1946 
.0256 
.5140        7342 

—  .1448 

.5894 

38 

V 

-  .2648  04f|  —  .3000  6B6 

.2648  x 
.3000  x 

.00005894 
.00004730 

R« 

= 

.4210 
.1561 
.1420 

.7197 

35 

fyl;f, 

—    4496i?ti  +   .0013  0A6  +   .1487  0B6 

.4496  x 
.0013  x 
.1487  x 

.00007197 
.00005894 
00004730 

#H.i 

= 

.1486 

.3240      .4726 

.0008 

.0704  —  0712 

.4014 

33 

"\;, 

-  .0092  0m  —    6676  R&  +   .2225  0A6 

.0092  x 
.6676  x 
. 2225  x 

.00004014 
00007197 
00005S94 

#A5 

= 

.1879 
.0037 
.4802       .6718 

—  .1310 

.5408 

30 

R.a 

—    2638  0A5  —  .2981  0R5 

. 2638  x 
298]   \ 

.00005408 

mil  ii I4IU4 

Rg 

= 

.4473 
.1424 
.1196 

.7093 

27 

0B4 

-  .4348  K5  +   .0048  0A5  +  .1401  0m 

.4348  x 

.0048  x 

1401  x 

.00007093 
.00005408 

II I4IU4 

#B» 

= 

.1550 

.3080       .4630 

.0026 

.0563  —  0589 

.4041 

25 

*A4 

—  .0355  0B4  —  .6371  Rb  +   .2123  0^- 

0355  x 
.6371  x 
2123  x 

(10004041 
.00007093 
.  0000.5408 

K.u 

= 

.2000 
.0143 
.4515        6658 

—  .1150 

.5508 
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Table  15. — (Continued). 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Filia- 
tion. 

Left-Hand  Member  of  Equation 

The  first  line  in  eacli  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 
Member  of 
Equation 

Coefficient  of 
.0001 

22 

Rt  +     3642  0xi  —    3206  0m  —  .4044  /?5  + 

.1348  eM 

.3206  x  .00004041 
.4044  x   .00007093 
.3642  x  .00005508 
.1348  x  .00005408 

*4 

.5512 

.1295 

.2862       .96(9 

.  2008 

.0729  —  2737 

.6932 

19 

0B3  —   .4696  R4  +     0030  0M  +   .1535  0m 

4696  x  .00006932 
.0030  x  .00005508 
.1535  x  .00004041 

0]W 

= 

.1540 

.3257       .4797 

.0017 

.0620  —  0637 

.4160 

17 

0A3  —  .0196  0m  —  .6881  Rt  +   .2294  0M 

.0196  x  .00004160 
.6881  x  .00006932 
.2294  x  .00005508 

0A3 

= 

.1917 
.0082 
.4770       .6769 

-.1263 

.5506 

14 

R3  -  .2689  0A3  -  .2980  0B3 

.2689  x  .00005506 
.2980  x  .00004160 

RZ 

= 

.4564 
.1481 
.1240 

.7285 

11 

0m  —  .4511  R3  +   .0027  0A3  +   .1476  0B3 

.4511  x   .0000  285 
.0027  x  .00005506 
.1476  x  .00004160 

#K2 

= 

.1768 

.3285       .5053 

.0015 

.0614  —.0629 

.4424 

9 

ev,  -    0191  0m  —    6857^3  +   .2286  0 A3 

.0191  x    00004424 
.6857  x  .00007285 
.2286  x  .00005506 

#A2 

= 

.2151 
.0085 
.4990       .7226 

—  .1259 

.5967 

6 

R.2  —  .2627  0A2  —  .2918  0B2 

.2627  x  .00005967 
.2918  x  .00004424 

*2 

= 

.5021 
.1565 
.1291 

.7877 

3 

0m  —  .3612  R2  —  .0088  0 A2  +   .  1292  0B2 

.3612  x   .00007877 
.0088  x   .00005967 
.1292  x  .00004424 

#B1 

= 

.1483 
.2845 
.0053       .4381 

—  .0572 

.3809 

1 

0M  +   .0680  0m  -  .6494R2  +   .2164  0  v. 

.  .6494  x  .00007877 
.0680  x  .00003809 
.2164  x  .00005967 

0A1 

= 

.2667 

.5110       .7777 

.0259 
1291  —.1550 

.6227 

Rj  —  .2495  0A1  —  .2495 


.2495  x  .00006227 
.2495  x  .00003809 


.5667 
.1553 
.0951 


.8171 


72 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


Table  16. 

Values  of  R  and  6  for  the  Symmetrical  Three-span  Twenty- 
Story  Bent  Shown  in  Fig.  5,  and  the  Functions  of  these 
Values  that  Occur  in  the  Equations  Used  to  Determine  the 
Moments  in  the  Columns  and  Girders. 


For  Column  A* 

For  Column  B 

CO 

1 

ft! 

CO 

1 

CO 

1 

7 

6 
Z 

>> 

Q 

5: 

ft! 

o 

o 
o 
o" 

•< 
cc> 

o 
o 
o 
o" 

s 

X 

o 
o 
o 
o 

ft! 

CO 
X. 

o 
o 
o 
o 

o 
o 

o 
o 

o 
o 
o 
© 

s    < 

o  c-] 

•< 
o  + 

O     <M 

gq 

CO 

o 
o 
o 
o" 

z 

N't 

8    1 

O    <M 

T 

z. 

*  + 

o 

O    <M 

z 

x  + 

§       I 

©    W 

T 

z 

o  + 

§<£ 

o 
Z 

>> 

g 

m 

1 

8171 

.6227 

.3803 

2.4413 

1 . 2454 

.761S 

1.6263 

1.3845 

1.1427 

1.8186 

1.1959 

2  0604 

1.6795 

1 

2 

.7877 

.5967 

.4424 

2.3631 

1.1931 

.8848 

1 . 6358 

1  4815 

1.3372 

.5210 

.5470 

1 .  1589 

1.0974 

2 

3 

.  7285 

5505 

.4160 

2.1855 

1  1012 

8320 

1.5172 

1.3826 

1   24SO 

.4415 

.4876 

.8847 

.9111 

3 

4 

.6932 

.5503 

.4041 

2.0796 

1.1016 

.8082 

1.5057 

1  3590 

1.2123 

.4276 

.4274 

.8435 

.8554 

4 

5 

.7093 

.5403 

.4014 

2.1279 

1.0816 

,,SU2s 

1 . 4830 

1.3436 

1.2042 

.4855 

.4955 

.9183 

.9210 

5 

6 

.7197 

.5894 

.4730 

2.1591 

1.1788 

.9460 

1.6518 

1  5354 

1.4190 

.4881 

.4395 

.8833 

.8117 

6 

7 

.7147 

.6044 

.4846 

2  1441 

1    21  Inn 

.9692 

1 . 6934 

1 . 5736 

1 . 4538 

.3609 

.3459 

.7135 

.7019 

7 

8 

.7867 

.7446 

.6586 

2.3601 

1.4892 

1.3172 

2.147S 

2.0618 

1.9758 

.4067 

.2665 

.7323 

.5583 

8 

9 

.8841 

.7390 

.6526 

2.6523 

1.4780 

1  3052 

2  1306 

2.0442 

1.9578 

.4241 

.4297 

.6825 

.6885 

9 

10 

.8432 

.7051 

.6018 

2.5296 

1  4102 

1.2036 

2  0120 

1.9087 

1.8054 

.3465 

.3804 

.6226 

.6734 

10 

11 

.8140 

.6508 

.5346 

2.4420 

1.3016 

1.0692 

1  S362 

1   720U 

1.6038 

.3810 

.4353 

.  7038 

.7710 

11 

12 

.  733i 

5842 

.4789 

2  1990 

1.1684 

.  9578 

1  6473 

1 . 5420 

1 . 4367 

.3132 

.3798 

.6509 

7066 

12 

13 

.6630 

.5218 

.4224 

1.9890 

1.0436 

.8448 

1 . 4660 

1.3666 

1.2682 

.2988 

.3612 

.6088 

.6653 

13 

14 

.5850 

.4578 

.3647 

1 . 7550 

.9156 

.7294 

1.2803 

1 . 1872 

1.0941 

.2536 

.3176 

.5455 

.6032 

14 

15 

.5.345 

.3950 

.3030 

1.6035 

.7900 

.6080 

1.0930 

1.0010 

9090 

.2929 

.3557 

.5711 

.6328 

15 

10 

.4448 

.3219 

.2477 

1  3344 

.  6438 

.4954 

.8915 

.8173 

.7431 

.2225 

.2956 

.4807 

.5360 

16 

17 

.3655 

.  2527 

.1903 

1.0965 

.5054 

.3806 

6957 

.  6333 

.5709 

.2000 

.2692 

.4108 

.4682 

17 

18 

.2742 

.1801 

.1361 

.8226 

.3602 

.2722 

.4963 

4523 

.4083 

.1371 

.2097 

.3059 

.3601 

18 

19 

.1836 

.  1035 

.0335 

.550? 

.2170 

.1670 

.3005 

.  2755 

.2505 

.0821 

.1537 

.1951 

.2477 

19 

20 

097C 

.0517 

.0338 

.2923 

.  1034 

.0676 

.1372 

.1193 

.1014 

.0231 

.0809 

.0920 

.1417 

20 

; 

N  represents  the  number  of  the  story  in  question,  and  ( N — 1)  the  story  below 
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Table  17. 

Values  of  K  for  the  Columns  and  the  Girders  of  the  Symmetri- 
cal Three-span  Twenty-story  Bent  Shown  in  Fig.  5,  and  the 
Functions  of  these  Values  that  Occur  in  the  Equations 
Used  to  Determine  the  Moments  in  the  Columns  and  Girders. 


6 

K  for  Girder 
at  Top  of 

Story  in 

K  for 

.0001  x2£K  for 

Girder  at  Top  of 

Story  in 

.0001  x 

2£K  for 

o 

Bay 
a 

Bay 
b 

Columu 
A 

Column 
B 

Bay 

a 

Bay 
b 

Column 
A 

Column 
B 

1 

2 
3 

30.5 
21.4 
21.4 

37.3 
29.2 
26.2 

25.8 
35.6 
35  4 

25.8 
35.6 
35.5 

177  000 
124  100 
124  100 

216  200 
169  400 
152  000 

149  600 
206  300 
205  500 

149  600 
206  300 
205  800 

4 
5 

19.5 
19.5 

26. 2 
23.8 

35.4 
29.4 

35.5 
30.4 

113  050 
113  050 

152  000 
138  050 

205  500 
170  500 

205  800 
176  300 

6 
7 
8 

14.1 
12.8 

7.7 

17.2 
15.7 
9.4 

29.4 
28.7 
28.7 

30.4 
30.0 
30.0 

81  750 
74  250 
44  600 

99  700' . 
91  100 
54  500 

170  500 
166  500 
166  500 

176  300 
174  000 
174  000 

9 
10 

7  7 
7.7 

9.4 
9.4 

21  1 
21.1 

26.1 
26.1 

44  600 
44  600 

54  500 
54  500 

122  400 
122  400 

151  300 
151300 

11 
12 
13 

7.7 
7.7 
7.7 

9.4 
9.4 
9.4 

18.8 
18.8 
18.3 

19.9 
19.9 

18.6 

44  600 
44  600 
44  600 

54  500 
54  500 
54  500 

109  000 
109  000 
106  100 

115  400 
115  400 
107  900 

14 
15 

7.7 
7.7 

9.4 
9.4 

18.3 
14.3 

18.6 
14.6 

44  600 
44  600 

54  500 
54  500 

106  100 
82  900 

107  900 
84  600 

16 
17 
18 

7.7 
7.7 
7.7 

9.4 
9  4 
9.4 

14  3 
13.1 

13  1 

14.6 
13.2 
13.2 

44  600 
44  600 
44  600 

54  500 
54  500 
54  500 

82  900 
76  000 
76  000 

84  600 
76  500 
76  500 

19 
20 

7.7 
7.7 

9.4 
9  4 

13.1 
13 .1 

13.2 
13.2 

44  600 
44  600 

54  500 
54  500 

76  000 
76  000 

76  500 
76  500 

;  i 
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Table  18. 

Moments  at  the  Ends  of  the  Columns  and  Girders  of  the  Sym- 
metrical Three-span  Twenty-story  Bent  shown  in  Fig.  5. 

Moments  are  expressed  in  inch-pounds. 


Moment  in 

Column  A* 

Moment  in 

Column  B 

Moment  in  Girder 

at  Top  of  Story 

in  Bay  a 

Moment  in 

Girder  at  Top 

of  Storv  in 

Bay  b 

„ 

_ 

5 

5 

at 

as 

II 

cc 

CO 

cc 

1 

1 

1 

-c 

II 

2 

Z 

a 

T 

35 

7 

cc 

a    ~ 

12 

_1- 

z 

+ 

"2  * 

II 

>. 

+ 

11    7 

+ 

11   7 

|  + 

"S  + 

-a 

a    —■ 

Z 

=      z 

II     <3? 

a    & 

a     a 

Ed     D 

* 

3  ii 

o    * 

—  * 

-e   is 

~  * 

Cfc 

~  cm 

is  ct 

~   r^ 

J,  cm 

JZ    cc 

"o 

o 

£  W 

o 

o  w 
33  M 

►J  Ssj 

6 

—   Si 

<3  Ed 

—    Ed 

+i  Ed 

—  Ed 

Z 

*<    <M 

<  n 

<  ~i 

<  o3 

<     <M 

<  S3 

■<     CM 

1 

178  800 

272  000 

251  000 

308  200 

287  800 

245  000 

247  500 

2 

113  000 

107  500 

226  500 

239  000 

203  000 

184  000 

226  000 

3 

100  300 

90  700 

187  500 

182  000 

187  100 

171  700 

189  600 

4 

87  800 

87  800 

176  100 

173  500 

170  500 

153  600 

184  400 

5 

84  500 

82  800 

162  300 

162  000 

167  700 

152  000 

166  000 

6 

75  000 

83  200 

143  300 

155  700 

135  000 

125  600 

141  500 

7 

57  600 

60  000 

122  000 

124  000 

125  900 

117  000 

132  500 

8 

44  400 

67  700 

97  200 

127  500 

95  S00 

92  000 

107  800 

9 

52  550 

51  900 

104  200 

103  300 

95  000 

91  100 

106  800 

10 

46  500 

42  400 

102  000 

94  200 

89  600 

85  000 

98  500 

11 

47  500 

41  500 

S9  000 

81  200 

81  900 

76  600 

87  500 

12 

41  400 

34  100 

81  500 

75  100 

73  400 

IIS  tilllj 

78  300 

13 

3S300 

31  700 

71800 

65  600 

65  300 

60  800 

69  100 

14 

33  700 

26  900 

65  100 

58  900 

5  700 

52  800 

59  600 

15 

29  420 

24  300 

53  600 

48  350 

48  700 

49  600 

49  600 

16 

24  450 

18  450 

45  400 

40  600 

39  700 

36  400 

40  500 

17 

20  450 

15  400 

35  800 

31400 

31  000 

28  200 

31  100 

18 

15  920 

10  430 

27  600 

23  400 

22  100 

20  150 

22  300 

10 

11680 

6  240 

18  900 

14  930 

13  380 

12  250 

13  650 

20 

6  150 

1  750 

10  830 

7  040 

6  110 

5  320 

5  530 

*N  represents 
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Table  19. 


Direct  Stresses  in  the  Columns,  and  the  Shears  in  the  Columns 
and  Girders  of  the  Symmetrical  Three-span  Twenty-story 
Bent  shown  tn  Fig.  5. 

All  quantities  arc  in  pounds. 


6 

Shear  in 

Shear  in  Girder  at 
Top  of  Story  in 

Direct  Stress  in 

Z 

g 
7. 

Column 
A 

Column 
B 

Bay 
a 

Bav 
b 

Column 
A 

Column 
B 

1 
2 
3 

1  709 
1  149 
1  136 

2  115 

2  421 
2  200 

2  020 
1  467 
1  360 

2  290 
2  095 
1  755 

14  464 
12  444 
10  977 

4  587 
4  317 
3  689 

4 
5 

1  044 
995 

2  080 
1  931 

1  228 
1  210 

1  709 
1  536 

9  617 
8  389 

3  294 
2  813 

6 
7 
8 

940 
816 
779 

1  780 
1  709 
1  560 

986 
920 
712 

1310 

1  228 

996 

7  179 
6  193 
5  273 

2  489 
2  163 
1  855 

9 
10 

725 
017 

1  44(1 
1  363 

705 
061 

988 
912 

4  561 
3  856 

1  571 
1  288 

11 
12 
13 

618 
524 
486 

1  180 

1  088 

954 

000 
538 

478 

810 
725 
640 

3  195 
2  595 

2  0.57 

1037 
827 
640 

14 
15 

421 
373 

861 
710 

410 
354 

552 
459 

1  579 
1  163 

478 
342 

16 

17 
18 

298 
249 
182 

597 
466 
354 

288 
221 
160 

375 
288 
206 

809 
521 
300 

237 
150 
83 

19 
20 

124 
55 

235 
124 

97 
43 

126 
51 

140 
43 

37 

8 

76 
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Table  20. 

Check  on  the  Numerical  Values  of  the 
Moments  at  the  Ends  oe  the  Columns  and 
Girders  of  the  Symmetrical  Three-Span 
Twenty-Story  Bent  Shown  in  Fig.  5. 

Quantities  are  in  inch-pounds. 

For  a  perfect  check  the  corresponding  quantities  in  the  two  columns  of  each 
group  of  columns  should  be  identical. 


"3 

a  s  « 
Ej= 

3  «"*• 

e»  a 
•a.° 

a  &  a. 
s-2fS 

3  a;" 

■S3 

%2 

Is 

> 

53  o 

a  S  a 

a-o  o 

•S*l 

O  M 

—  e  « 

a   aj  aj 

O  cs  a 

.s-sS 

c9t3  o 

ceo  ° 

S  >T3 

o  o  a 

«-S  o^ 

6 
Z 
>> 

-a  >, 

ceo 

"3^ 

-S   o 

— .-rr  *- 

E  a-S 

|hT3 

J3   --^ 

o 
53 

I" 

E  &;_ 

3tOS 
CO 

E   .= 
§K)C"B 

CO 

1 

2  035  000 

2  020  000 

286  300 

287  800 

490  000 

492  500 

2 

1  370  000 

1  372  000 

203  700 

203  COO 

408  500 

410  000 

3 

1  123  000 

1  121  000 

187  100 

188  100 

361  000 

361300 

4 

1  053  000 

1  050  400 

170  500 

170  600 

338  100 

338  000 

5 

983  000 

983  200 

167  700 

167  700 

318  000 

31S  000 

6 

913  000 

914  400 

135  000 

135  000 

267  300 

267  100 

7 

725  000 

727  200 

125  900 

125  300 

249  500 

249  500 

8 

673  000 

673  600 

95  800 

96  300 

200  500 

199  800 

9 

622  000 

624  000 

95  000 

94  950 

198  400 

197  900 

10 

570  000 

570  200 

89  600 

88  000 

183  200 

183  500 

11 

518  000 

518  400 

81900 

81  600 

164  100 

164  100 

12 

466  000 

464  200 

73  400 

72  100 

147  100 

146  900 

13 

414  000 

414  800 

65  300 

65  200 

130  700 

129  900 

14 

363  000 

369  200 

57  000 

58  000 

113  450 

112  400 

15 

311000 

311  400 

48  700 

47  870 

94  200 

94  200 

16 

259  000 

259  800 

39  700 

39  850 

76  800 

76  900 

17 

207  500 

206  200 

31000 

30  880 

59  200 

59  300 

18 

155  300 

154  800 

22  100 

22  160 

42  530 

42  450 

19 

103  600 

103  500 

13  380 

13  430 

25  940 

25  900 

20 

51  800 

51  540 

6  110 

6  150 

10  830 

10  850 
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Table  21. 

Elimination  of  the  Unknown  Quantities  in  the  Equations 
Used  to  Determine  the  Slopes  and  the  Deflections  in 
the  Bottom  Story  of  the  Symmetrical  Three-Span 
Twenty-Story  Bent  Shown  in  Fig.  5,  by  a  Modification 
of  the  Slope-Deflection  Method. 


Left-Hand  Member  of  Equation 

03      a 
J.—  ~ 

j=  a  2 

c 
o 

Story  No.  1 

Story  No.  2 

Story 
No.  3 

zw 

*1 

*A1 

*BI 

*2 

0.\2 

#B2 

*3 

Co- 
efficient 
of .0001 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 
B 
C 

—203.8 

-  77  4 

-  77.4 

51.6 

1S3  8 
30.5 

51.8 

30.5 
295.7 

—106.8 
—106.8 

35.6 

35.6 

—117.2 
0  0 
0  0 

D 
E 
F 

71.2 
35  6 

71  2 
35.6 

—284.8 
—106.8 
—106.8 

71.2 
220.2 
21.4 

71.2 

21.4 

308.1 

—106  2 
—106.5 

—  78.9 
0.0 

0.0 

G 

141.6 

142  0 

—283  6 

—  64.5 

A 
B 
C 

1 
1 
1 

— 0  2495 
—2  3  47 
—0.3941 

—0.2495 
—0.3941 
—3.8204 

1.3798 
1.3798 

—0.4599 

— 0.4599 

0.5667 
0.0000 
0.0000 

A-B 
B-C 

0 
0 

2  1252 
—1.9807 

0.1445 
3  4204 

—1  379S 

0.4599 
—0.4599 

0.4599 

0.5667 
0.0000 

1 
2 
D 

E 

1 
1 
1 
1 

0.0680 

—1 .  7300 

1.0000 

—0.6494 

—4.0000 
—3.0000 

0  2164 
0.2322 
1.0000 
6.1S56 

q  2322 

1.0000 
0.6012 

—2.9834 

0.2667 

0  0000 

—1.1082 

0.0000 

1-2 
2-D 
D-E 

0 
0 

0 

1.7980 

—2.7300 

1.0000 

—0.6494 

4.0000 

—1.0000 

—0.0158 

—0.7678 
—5.1856 

0.2322 

—1.2322 

0.3988 

2.9834 

0.2667 

1.1082 

—1.1082 

3 
4 
5 

F 

1 
1 
1 

1 

— 0  3612 
—1.4652 
—1.0000 
—3.0000 

— O.OOSS 
0.2812 

—5.1856 
0.6012 

0.1292 
0.4513 
0  39S8 
8.6547 

2.9834 
—2.9915 

0.1483 
—0.4059 
—1 .  1082 

0.0000 

3-4 
4-5 
5-F 

1) 
0 
0 

1.1041 
—0.4652 

2.0000 

—0.2900 

5.4668 

—5.7868 

—0.3222 
0.0525 
8.2559 

—2.9834 
5.9749 

0.5543 

0.7023 

—1 .  1082 

6 
7 
8 

1 
1 
1 

—0.2627 
—11.7518 
—2.8934 

—0.2918 
—0.1128 
—4.1279 

6.4127 
2.9875 

0.5021 
—1.5095 
— 0  5541 

6-7 

7-8 

0 

0 

11.4891 
— s  b534 

—0.1790 
4  0151 

—6  4127 
3.4252 

2.0116 
— 0 . 9554 

y 

10 
G 

1 
1 
1 

—0.0156 

—0.4540 

1.0030 

—0.5600 
—0.3862 
—2.0010 

0  1750 

0.1079 

— 0  4555 

9-10 
10-G 

0 
0 

0.4384 

—1.4570 

—0.1738 
1.6148 

0.0671 
0.5634 

11 

12 

1 

1 

—0.3961 

—1  1090 

0.1530 
—0.3865 

11-12 

0 

0.7131 

0.5395 

13 

1 

0.7560 
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Table  22. 

Determination  of  the  Changes  in  the  Slopes  and  the  Ratio 
of  the  Deflection  to  Story  Height  in  the  Bottom  Story  of 
the  Symmetrical  Three-Span  Twenty-Story  Bent  Shown  in 
Fig.  5,  by  a  Modification  of  the  Slope-Deflection  Method. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 
Member  of 
Equation 

Coefficient  of 
.0001 

13 

*3 

= 

.7560 

11 

*B2 

—     3961 R3 

3961  x 

.00007560 

»m 

_ 

.1530 
.  2995 

.4525 

9 

*A2 

—     0156    0B2  —   .5600  R3 

.0156  x 
. 5600  x 

.00004525 
.00007560 

0A2 

= 

.1750 
.0071 
.4240 

6061 

6 

R., 

-  .2627    0A2  —  .2918    0m 

.2627  x 
.2918  x 

.00006061 
.00004525 

R2 

= 

.5021 
.  1593 
.1320 

.7934 

3 

#B1" 

-  .3612  R2—  .0088    $Ai  +     1292    6Bo 

3612  x 
.0088  x 
.1292  x 

.00007934 
. 00006061 
. 00004525 

#K1 

= 

.1483 
.2865 
.0053 

.4401 

— 

.0585 

.3816 

1 

#A1 

+   .0680    6m—    0494  R2+   .2164    0V 

.6494  x 
.0680  x 
.2164  x 
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Table  27. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy  of  Method  I. 

All  Girder  Sections  Are  the  Same. 


All  stories  of  a  bent  are  identical,  and  the  shears  on  all  stones  are  equal.     All  column  sections  are  equal,  all  girder  sections 
are  equal,  and  the  column  sections  are  equal  to  the  girder  sections. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  II'  x  /;,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 
determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  .4 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment   at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

•z. 

Ratio   of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio   of 
Width  of 
Bay  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
1 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 

I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

1 

2 

2 

9.09 

9.62 

15.91 

15.38 

18.20 

lit.  24 

13.67 

19.21 

18.20 

11   52 

IOO  .0 

105.9 

IOO  .0 

96.5 

IOO  .0 

105 . 9 

IOO  .0 

140.7 

IOO  .0 

63.2 

2 

2 

1 

10.00 

7.50 

15.00 

17.50 

20.00 

15.00 

16.66 

15.0 

13.33 

20.00 

IOO  .o 

75 -O 

IOO  .0 

116. 5 

IOO  .0 

75-0 

IOO  .0 

90 .0 

IOO  .0 

150.0 

3 

2 

0.5 

10.87 

5.00 

14.13 

20.00 

21.70 

10.00 

l'J.54 

10.00 

8.70 

30.00 

IOO  .0 

46 .0 

IOO  .0 

141-5 

700.0 

46.1 

IOO  .0 

51  -2 

IOO  .0 

345  ■  0 

4 

1 

2 

8.09 

9.62 

16.91 

15.38 

16.18 

19.24 

13.23 

19.24 

20.60 

11.52 

100.0 

IIQ. OO 

IOO  .0 

go.  9 

IOO  .0 

H9-3 

IOO  .0 

145-5 

IOO  .0 

55-9 

5 

1 

1 

9.38 

7.50 

15.62 

17.50 

18.75 

15.00 

16.66 

15.00 

14.60 

20.00 

IOO  .0 

79-9 

IOO  .0 

in  .0 

IOO  .  0 

80.0 

IOO  .0 

po.o 

IOO  .0 

137  0 

6 

1 

0.5 

10.53 

5.00 

14.47 

20.00 

21.04 

10.00 

19.74 

10.00 

9.20 

30.00 

IOO  .0 

47  -5 

IOO  .0 

138.0 

IOO  .0 

47-5 

IOO  .0 

50.6 

IOO  .0 

326 .0 

7 

0.5 

2 

7.32 

9.62 

17.67 

15.38 

14.66 

19.24 

12.93 

19.24 

22.40 

11.52 

100.0 

131. 3 

IOO  .0 

87.0 

IOO  .0 

131   0 

IOO  .0 

149.0 

IOO  .0 

51  ■.  i 

s 

0.5 

1 

8.93 

7.50 

16.06 

17.50 

17.84 

15.00 

16.66 

15.00 

15.45 

20.00 

IOO  .0 

83-9 

IOO  .0 

108.7 

IOO  .0 

83.9 

IOO  .0 

90.00 

IOO  .0 

129-5 

'.i 

0.5 

0.5 

10.33 

5.00 

14.68 

20.00 

20.61 

10.00 

19.76 

10.0 

9.60 

30  00 

100.0 

48.4 

IOO  .0 

136 . 1 

100.0 

48.5 

IOO  .0 

50.6 

IOO  .0 

312.0 
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Table  28. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy  of  Method  I. 

All  Girders  Proportional  to  the  Bending  Moments. 


All  stories  of  a  bent  are  identical  and  the  shears  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inertia  of  column  A  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  a  to  the  bending  moment  in  girder  b,  as  determined  by  method  I. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  \V  x  h,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 
as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

6 
X 

a 

m 

Ratio   of 
Story 
Height 
to  Width 
of  Bay  a 

Ratio   of 
Width  of 
Bay  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 

Methed 

9.75 

100.0 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
1 

Slope- 
Deflec- 
tion 
Method 

Method 
1 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

l 

2 

2 

9.02 
98.8 

15.25 

IOO  .0 

15.38 

100.5 

19.50 

IOO  .0 

19.24 
98.8 

16.05 

IOO  .0 

19.24 

120 .0 

14.15 
IOO  .0 

11.52 

79-6 

2 

2 

1 

9.60 

100  .0 

7.50 
78.1 

15.40 

100.0 

17.50 
1136 

19.2 
IOO  .0 

15.00 
78.1 

15.60 
100.0 

15.00 

06 .1 

15.20 

100.0 

20.00 
I3I-5 

3 

2 

0.5 

9.45 

IOO  .0 

5.00 

52.9 

15.55 

IOO  .0 

20.00 

I2Q  .0 

18.9 
100.0 

10.00 

52.9 

15.10 

IOO  .0 

10.00 

66.3 

16.00 

IOO  .0 

30.00 
187.5 

4 

1 

2 

9.05 

IOO  .0 

9.62 

106 .2 

15.95 

100 .0 

15.38 
96 .2 

18.10 

IOO  .0 

19.24 

70(5.2 

15.70 

IOO  .0 

19.24 
122.5 

16.20 
IOO  .0 

11.52 
92 .6 

5 

1 

1 

8.85 

100  .0 

7.50 

84.8 

16.15 
IOO  .0 

17.50 
108.3 

17.70 

IOO  .0 

15.00 
84.8 

15.20 

IOO  .0 

15.00 
98.8 

17.10 

100.0 

20.00 
117 .0 

6 

1 

0.5 

8.  GO 

100.0 

5.00 

58.0 

16.40 
IOO  .0 

20.00 
122 .0 

17.20 
IOO  .0 

10.00 
58.1 

14.7 
IOO  .0 

10.00 
68.0 

18.1 

IOO  .0 

30.00 
165.8 

7 

0.5 

2 

8.55 

IOO  .0 

9.62 
112.5 

16.45 

IOO  .0 

15.38 

93-2 

17.10 

IOO  .0 

19.24 

112.5 

15.80 
100.0 

19.24 

122 .0 

17.1 

IOO  .0 

11.52 

67  -3 

8 

0.5 

1 

8.30 

IOO  .0 

7.50 
90.3 

16.70 

IOO  .0 

17.50 

105.0 

16.60 

IOO  .0 

15.00 

go.  4 

15.20 

IOO  .0 

15.00 
98.8 

18.2 
100.0 

20.00 
no  .0 

9 

0.5 

0.5 

8.00 

100.0 

5.00 
62 .5 

17.00 

IOO  .0 

20.00 

\117.5 

16.00 

IOO  .0 

10.00 
62.5 

14.60 

IOO  .0 

10.00 
68.5 

19.4 
IOO  .0 

30.00 
154.8 
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Table  29. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy  of 

Method  II. 


All  stories  of  a  bent  are  identical  and  the  shears  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inertia  of  column  .4  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  a  to  the  bending  moment  in  girder  b,  as  determined  by  method  II . 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  Wxh,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 
as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder   6 

6 

a 
« 

Ratio  of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio   of 
Width  of 
Bay  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

1 
2 

3 

2 
2 
2 

2 
] 
0.5 

9.65 

100.  O 

10.55 

100.0 

11.25 

IOO.  O 

12.50 

120.5 

12.50 
118.5 

12.50 

777  .0 

15.35 

700.0 

14.45 

700.0 

13.75 

700.0 

12.50 
81.5 

12.50 
86. 5 

12.50 
01 .0 

19.30 

700.0 

21.10 

700.0 

22 .  50 

700.0 

25.00 
129-5 

25 .  00 
118. 5 

25.00 
111 .1 

15.45 

700.0 

18.30 

700.0 

20.95 

700.0 

8.33 

53-9 

8.33 
45-6 

8.33 

39-8 

15.25 

700.0 

10.60 

700.0 

6 .  55 

700.0 

16.66 

109-3 

10.06 
'57.7 

16.66 

255  0 

4 
5 
6 

1 
1 
1 

2 
1 
0.5 

8.82 

IOO  .0 

10.10 

IOO  .0 

11.00 

700.0 

12.50 
141 .8 

12.50 
123.8 

12.50 
113-5 

16.18 

700.0 

14.90 

700.0 

14.00 

700.0 

12.50 
77-3 

12.50 
83.9 

12.50 
89.3 

17.04 
700.0 

20.20 

700.0 

22.00 

700.0 

25.00 
141-8 

25.00 
124.0 

25.00 
1137 

15.20 

700.0 

IS.  45 

700.0 

21.20 
700.0 

8.33 

54-6 

8.33 
45-20 

8.33 

39-3 

17.10 

700.0 

11.35 

700.0 

6.80 

700.0 

10.66 
97-5 

16.66 
146.8 

16.66 
245-0 

r 
8 
0 

0.5 
0.5 
0.5 

2 
1 
0.5 

8.30 

100  .0 

9.80 

IOO  .0 

10.85 

100.0 

12.50 
150.6 

12.50 

127-5 

12.50 

115-2 

16.70 

700.0 

15.20 

700.0 

14.15 

700.0 

12.50 

74-9 

12.50 
82.3 

12.50 
88.4 

16.60 

700.0 

19.60 

700.  O 

21.70 

700.0 

25.00 

750.7 

25 .  00 

127 .0 

25.00 
775.0 

15.20 

700.0 

18.55 

700.0 

21.40 

700.0 

8.33 

54-9 

8.33 
44  -9 

8.33 
38.9 

18.20 

700.0 

11.85 

700.0 

6.9 

700.0 

16.66 
91 .6 

16.66 
140.5 

10.00 
247.5 
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Table  30. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy 
of  Method  III. 


All  stories  of  a  bent  are  identical  and  the  shears  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inertia  of  column  A  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  a  to  the  landing  moment  in  girder  b,  as  determined  by  method  III. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  Wx  h,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 
as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

d 

m 

Ratio   of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio   of 
Width  of 
Bav  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 

Method 

Method 
III 

Slope- 
Deflec- 
tion 
Method 

Method 
III 

Slope - 
Deflec- 
tion 
Method 

Method 
III 

Slope- 
Deflec- 
tion 
Method 

17.06 

700.0 

17.60 

700.0 

18.79 

700.0 

Method 
III 

Slope- 
Deflec- 
tion 
Method 

Method 
III 

l 
2 
3 

2 
2 
2 

2 
1 
0.5 

10.12 

700.0 

10.30 

700.0 

10.67 

700.0 

12.50 
J23-5 

12.50 
121  -5 

12.50 
117  4 

14.  SS 

700.0 

14.70 

700.0 

14.33 

700.0 

12.50 

84.1 

12.50 

85.2 

12.50 

87.3 

20.24 

700.0 

20.60 

700.0 

21.34 
700.0 

25 .  00 
123-5 

25.00 

121-5 

25 .  00 
117-3 

13.48 

79-0 

5.0 

28.4 

—5.0 

12.70 

700.0 

11.80 

700.0 

9.87 

700.0 

11.52 
90.8 

20.00 

170.0 

30.00 

304  ■  5 

4 
5 
6 

1 

1 
1 

2 

1 
0.5 

9.55 

700.0 

9.80 

700.0 

10.26 

700.0 

12.50 

131  -0 

12.50 

727-7 

12.50 

722  .0 

15.45 
700. 0 

15.20 

700.0 

14.74 

700.0 

12.50 

80.9 

12.50 

82.3 

12.50 

84.9 

19.10 

700.0 

19.60 

700. 0 

20.52 

700.0 

25.00 

7J?7  .O 

25.00 

127 .6 

25 .  00 
122 .0 

17.00 

700.0 

17.60 

700.0 

1S.9S 

700.0 

13.48 
79-3 

5.0 

28.4 

—5.0 

13.90 

700.0 

12.80 

700.0 

10.50 

700.0 

11.52 
83.0 

20.00 
156.3 

30.00 
286.1 

7 
8 
9 

0.5 
0.5 
0.5 

2 
1 
0.5 

9.15 

700.0 

9.46 

700.0 

10.05 

700.0 

12.50 
136.9 

12.50 
732.2 

12.50 
124.5 

15.85 
700. 0 

15.54 

700.0 

14.95 

700.0 

12.50 

78.8 

12.50 
80.5 

12.50 

83  ■  70 

18.30 

7  00.0 

18.92 

700.0 

20.10 

700.0 

25.00 
136.8 

25.00 
732.7 

25.00 
1245 

17.10 

700.0 

17.63 

700.0 

18.95 

700.0 

13.48 
78.8 

5.0 

28.4 

—5.0 

14.60 

700.0 

13.45 

700.0 

10.95 

700.0 

11.52 

79.0 

20.00 
148.8 

30.00 

274-5 
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Table  31. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy 
of  Method  IV. 

All  stories  of  a  bent  are  identical  anil  the  shear?  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inerlia  of  column  A  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  <7  to  the  bending  moment  in  girder  b,  as  determined  by  method  IV. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  W  x  h.  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 
as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  .1 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

6 

c 

« 

Ratio   of 
Story 

Height 
to  Width 
of  Bay  a 

Ratio   of 
Width  of 
Bay  (j  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

Slope- 
Deflec- 
tion 
Method 

15.91 

700.0 

15.00 

700.0 

14.13 

700.0 

Method 
IV 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

Slope- 
Deflec- 
tion 

Method 

Method 
IV 

1 

2 
3 

2 
2 
2 

2 
1 
0.5 

9.09 

700.0 

10.0 

700.0 

10.89 

7O0.O 

8.33 

97  .8 

8 .  33 

83-3 

8.33 
76.8 

16.66 
104.5 

16.66 

777 . 7 

10.00 
117  .8 

18.18 

700.0 

20.00 

700.0 

21.74 

700.0 

16.66 

97.7 

10.ro 
83.3 

16.66 

76.6 

13.62 

700.0 

10.00 

700.0 

19.56 

700.0 

16.66 

122  .1 

16.66 

700.0 

16.60 
85.20 

18.20 

700.0 

13.33 

700.0 

s   7n 

700.0 

16.66 

97.5 

16.66 
725.0 

16.66 

'97.5 

4 

5 
6 

1 
1 

1 

2 

1 
0.5 

8.09 

700.0 

9.3S 

JOO.O 

10.53 

700.0 

S.33 
103.2 

8 .  33 

88.8 

8.33 

79.2 

16.91 

700.0 

15.02 
700.0 

14.47 
700  .0 

10.00 
98.3 

10.00 
70/5.  4 

10.00 
775.0 

16.18 

700.0 

18.76 

700.0 

21.00 

700.0 

10.  GO 

70.?.  0 

L6.66 

88  .  0 

16  66 

79-7 

13.22 

700.0 

16.64 

700.0 

19.74 

700.0 

10.66 

726.0 

10.66 

700. 0 

16.66 

84.4 

20.00 

700.0 

1  1.60 

700.0 

9.20 

700.0 

16.66 
So.g 

16.66 

774.0 

16.66 
181 .0 

7 
•> 

0.5 
0.5 
0.5 

2 

1 
0.5 

7.32 

700.0 

8 .  93 

700.0 

10.33 

7O0.0 

8.33 
113-9 

8.33 

93-3 

8.33 

80.7 

17.68 

700.0 

10.07 

7  00.0 

14.07 

700.0 

10.00 

94  -2 

10.00 
103 -7 

10.  GO 
113-5 

14.64 

700. 0 

17.86 

700.0 

20 .  66 

700.0 

16.66 

113.8 

16.66 
93  -3 

16.66 

80.6 

12.96 
700.0 

16.69 

700.0 

19.74 

700.0 

16.60 
128.7 

16.66 

700.0 

16.  GG 
84.4 

22.40 

700.0 

15.45 

700.0 

9  60 

700.0 

10.00 
74-4 

10.00 
707.* 

10.66 

775-5 
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Table  32. 
Log  of  the  Test  of  Celluloid  Model  No.  4. 


Change  in  Slope  Measured  on  an  Arc  Having  a  19-inch  Radius,  in  Inches. 

Horizontal  Deflection 

at 

Center  of  Girder 

Force  at  Top  of  Model 

Force  at  Top  of  Model 

. 

at 

Acting  Toward  the  Right 

Acting  Toward  the  Left 

2 

Top  of  Story 

a 

in  Inches 

k 

0  at  Top  of 

0  at  Top  of 

0  at  Top  of 

0  at  Top  of 

z 
7. 

Column   A 

Column  B 

Column  A 

Column  A 

Right- 

Left- 

Right- 

Left- 

Right- 

Left- 

Right- 

Loft- 

Right- 

Mid- 

Left- 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

dle 

Hand 

Side  of 

Side  of 

Side  of 

Side  of 

Side  of 

S.deof 

Mile  of 

Side  of 

Span 

Span 

Span 

Model 

M  odel 

Model 

Model 

Model 

Model 

Model 

Model 

1  5 

04 

.04 

04 

.20 

.20 

09 

.10 

.19 

.18 

.09 

.10 

1 

3  n 

.08 

.08 

.08 

.40 

.40 

.20 

.21 

.40 

.40 

.19 

.23 

4  5 

.11 

.11 

.11 

.61 

.59 

.31 

.33 

61 

63 

.30 

.38 

1  5 

.08 

.08 

.08 

.21 

.21 

.10 

.10 

.19 

.19 

.11 

.10 

?, 

3  0 

.16 

.16 

.16 

.43 

.43 

.21 

.20 

41 

41 

24 

.22 

4  5 
1  5 

.25 

.24 

.24 

.66 

.66 

34 

.33 

.63 

.65 

.37 

.37 

.14 

.14 

.14 

.18 

17 

.11 

.12 

.17 

.16 

.13 

.14 

3 

3  0 

.28 

.29 

.28 

.37 

.35 

.26 

.26 

.30 

.35 

.26 

.29 

4.5 

.42 

.42 

.42 

.59 

.54 

.39 

.40 

.56 

.55 

40 

.42 

1  5 

.18 

.18 

.18 

.13 

.10 

.06 

.07 

.13 

09 

.06 

.07 

4 

3  0 

.36 

.36 

.37 

.25 

19 

.13 

.15 

.26 

.20 

.13 

.15 

4.5 

55 

.55 

.55 

.40 

.30 

.20 

.22 

39 

.27 

.18 

25 
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INFLUENCE  OF  TEMPERATURE  ON  THE  STRENGTH  OF 

CONCRETE 

I.  Introduction. 

1.  Preliminary. — The  general  use  of  concrete  in  various  kinds  of 
construction  and  at  all  seasons  of  the  year  renders  important  a  knowl- 
edge of  the  effect  of  temperature  upon  the  strength  of  this  material. 
It  is  of  special  economic  importance  to  the  contractor  or  the  builder 
to  be  informed  concerning  the  strength  of  concrete  at  early  ages  under 
different  temperature  conditions  so  that  he  may  know  when  to  remove 
forms  and  what  loads  may  be  safely  applied  to  the  different  parts  of 
a  structure. 

2.  Scope  of  Bulletin. — It  is  the  purpose  of  this  bulletin  to  fur- 
nish some  information  concerning  the  influence  of  temperature  on 
the  attainment  of  strength  in  concrete. 

Three  groups  of  tests  were  made,  viz. ;  forty-five  6  by  6-in.  cylind- 
ers; fifty-one  6-in.  cubes;  and  sixty  8  by  16-in.  cylinders. 

The  temperature  conditions  were  limited  by  available  facilities. 

3.  Acknowledgment. — The  tests  reported  herein  were  made  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois.  The 
work  was  done  under  the  supervision  of  the  writer.  Special  ac- 
knowledgment is  due  to  the  Department  of  Theoretical  and  Applied 
Mechanics  for  the  use  of  material  and  apparatus.  The  writer  is  in- 
debted to  A.  N.  Talbot,  Professor  in  Charge  of  Theoretical  and  Ap- 
plied Mechanics,  and  to  Ira  0.  Baker,  Professor  of  Civil  Engineering, 
for  their  co-operation  in  planning  the  tests  and  in  interpreting  the 
data. 

The  tests  of  Groups  I  and  II — 1913  Series — were  made  by  J.  Al- 
bert Anderson  and  W.  J.  Bublitz,  senior  civil  engineering  students 
of  the  class  of  1914 ;  and  furnished  the  subject  matter  of  their  bac- 
calaureate thesis.  The  tests  of  Group  III — 1914  Series — were  made 
by  J.  Albert  Anderson,  a  graduate  student  in  the  Department  of  Civil 
Engineering;  and  special  credit  is  due  Mr.  Anderson  for  the  prepara- 
tion of  the  tables  and  diagrams.  All  the  tests  were  made  with  pain- 
staking care  and  faithful  attention  to  uniformity  and  accuracy  of 
manipulation. 
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II.  Materials,  Form  of  Test  Pieces,  and  Methods  op  Storing  and 

Testing. 

4.  Materials. — The  materials  were  of  the  same  character  and 
quality  as  those  used  for  other  concrete  and  reinforced  concrete  speci- 
mens made  and  tested  by  the  Engineering  Experiment  Station  dur- 
ing the  past  five  years.  The  quality  of  the  materials  may  be  taken 
as  representative  of  that  used  in  first-class  concrete  work  in  the  Mid- 
dle West. 

Cement.  All  of  the  test  specimens  were  made  with  Universal 
Portland  cement.  Samples  were  taken  at  the  beginning  of  each 
series  and  were  tested  for  fineness,  soundness,  and  tensile  strength. 
The  cement  passed  the  requirements  of  the  Standard  Specifications 
of  the  American  Society  for  Testing  Materials.  The  tensile  strength 
tests  of  neat  and  1 :  3  mortar  briquettes  made  of  a  sample  of  the  ce- 
ment used  in  Group  III  of  the  1914  Series  gave  average  values  of 
542  and  609  lb.  per  sq.  in.  for  the  neat  cement  at  seven  and  twenty- 
eight  days,  respectively ;  and  174  and  295  lb.  per  sq.  in.  for  the  1 :  3 
mortar  at  seven  and  twenty-eight  days,  respectively. 

Sand.  The  sand  used  came  from  a  deposit  of  glacial  drift  near 
the  Wabash  River  at  Attica,  Indiana.  The  sand  was  clean  and  well 
graded.  The  sand  of  the  1913  Series  was  somewhat  coarser  than  that 
of  the  1914  lot.  The  sand  used  in  Group  III — 1914  Series — gave  a 
density  of  1.79,  a  specific  gravity  of  2.65,  and  contained  32  per  cent 
voids. 

Stone.  The  crushed  limestone  came  from  Kankakee,  Illinois.  The 
stone  used  in  the  1913  Series  contained  87  per  cent  material  smaller 
than  one-half  inch  and  46  per  cent  material  smaller  than  one-fourth 
inch.  The  stone  used  in  the  1914  series  was  well  graded.  It  con- 
tained 49  per  cent  voids,  and  had  a  density  of  1.35  and  a  specific  grav- 
ity of  2.65.  It  was  carefully  screened  over  a  ^4-in.  screen  before  use, 
and  contained  10  per  cent  of  material  smaller  than  one-fourth  inch. 

5.  Concrete. — All  the  concrete  was  composed  of  one  part  cement, 
2  parts  sand,  and  4  parts  broken  stone,  by  weight;  corresponding  to 
1  part  cement,  2.2  parts  sand,  and  3.6  parts  broken  stone,  by  volume. 
The  materials  for  each  specimen  were  weighed  out  separately  and 
then  mixed. 

The  mixing  of  the  concrete  for  the  1913  series  was  done  with  a 
trowel  in  a  large  galvanized  iron  pan.  The  cement  and  sand  were 
first  mixed  dry  to  a  uniform  color  and  spread  out  in  a  layer  of  uni- 
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Table  1. 

Description  of  Test  Specimens 


Group 

Set 

A 
B 

C 

D 
E 
F 

G 
H 
I 

M 

Specimens 

Series 

Num- 
ber 

15 
15 
15 

15 
18 
18 

15 
15 
15 
15 

Form 

When  Tested 

1913 
1913 
1914 

I 

11 
III 

6  x  6-in. 
cylinders 

6-in. 
cubes 

8  x  16-in. 

cylinders 

5   specimens  of   each   set ;   at 
7,   14,  and  28  days. 

3    specimens   of   each   set :    at 
4,   7,  11,  14,  and  28  days. 

3    specimens   of    each    set ;    at 
3,  7,  10,  14,  and  28  days. 

form  thickness  over  the  bottom  of  the  pan.  The  stone  was  then  added, 
and  the  whole  mass  given  four  complete  turnings,  which  secured  thor- 
ough incorporation  of  the  dry  materials.  Water  was  added,  and  the 
material  turned  until  thoroughly  mixed.  The  concrete  was  gathered 
together  in  a  compact  mass,  in  one  end  of  the  mixing  pan,  so  as  to 
reduce  evaporation  losses  to  a  minimum.  The  time  of  mixing  of  each 
specimen  was  kept  as  nearly  constant  as  possible. 

The  concrete  used  in  the  1914  Series  was  mixed  in  similar  man- 
ner to  that  of  the  1913  Series,  but  was  mixed  on  the  concrete  floor  of 
tho  laboratory  with  shovels. 

6.  Molding  and  Storage  of  Test  Specimens. — The  specimens  were 
classified  according  to  the  form  of  test  specimen  and  storage  condi- 
tions.   Table  1  gives  the  details  of  the  classification. 


Table  2. 
Data  Concerning  Molding  of  Specimens 


Tvpe 

of 

Specimen 


6-in. 
cylinders 


6-in. 
cubes 


8  x  16-in. 
cylinders 


Set 

A 
B 

C 

D 

E 
F 

1 

1 

M 

Average 
Time  of 
Molding, 
minutes 

Average 
Temperature 

Weights  of  Materials 

Water, 
per 

Air 

Con- 
crete 

Cement, 
lb. 

Sand, 
lb. 

Stone, 
lb. 

cent* 

8.5 
8.5 
8.5 

7.0 
7.0 
7.0 

32°F. 
65 

84 

77 
75 
71 

68 

70°F. 

71 

70 

70 
70 
69 

69 

2.17 
2.17 
2.17 

°..42 

2.42 
2^42 

10.2 

4.34 
4.34 
4.34 

4.84 
4.84 
4.84 

20.4 

8.68 
8.68 
8.68 

9.68 
9.68 
9.68 

40.8 

10.0 
10.0 
10.0 

10.0 
11.0 

10.0 

9.3 

*The  concrete  used  in  Groups  I  and  II  was  of  a  medium  or  quaking  consistency;  while 
that  used  in  Group  III  was  wet,  and  was  similar  in  consistency  to  that  used  in  concrete  build- 
ing construction. 
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Molding.  The  specimens  of  Group  I  of  the  1913  Series  were 
molded  in  the  storage  rooms  under  the  following  temperatures :  Set  A 
at  32°F.,  Set  B  at  65°F.,  and  Set  C  at  84°F.  The  specimens  of  Group 
II  of  the  1913  Series  were  molded  in  the  cement  laboratory  at  the  fol- 
lowing temperatures:  Set  D  at  77°F.,  Set  E  at  75°F.,  and  Set  F  at 
71°F.  The  specimens  of  Group  III — 1914  Series — were  molded  in 
the  concrete  room  of  the  Engineering  Experiment  Station  at  a  tem- 
perature of  68°F.  The  specimens  of  Group  II  and  Group  III  were 
moved  to  their  respective  storage  rooms  after  a  set  of  six  hours. 

The  forms  used  for  Group  I  were  sheet-iron  cylinders  6  in.  in 
diameter  and  6  in.  high.  The  specimens  of  Group  II  were  molded  in 
three-gang  cube  forms  made  up  of  two  6-in.  channels  and  plates 
placed  6  in.  apart.  The  forms  for  the  specimens  of  Group  III  wer^ 
sections  of  standard  8-in.  wrought  iron  pipe,  16  in.  long.  The  forms 
were  removed  from  the  specimens  after  a  storage  of  two  days. 

Table  2  shows  the  weight  of  the  dry  materials,  the  per  cent  of 
water  in  terms  of  the  total  dry  materials,  the  temperature  of  the  room 
and  of  the  concrete,  and  the  average  time  of  molding. 

Storage.  The  temperature  of  the  storage  room  was  determined  by 
daily  readings  of  the  maximum  and  minimum  thermometers.  The 
temperatures  for  the  several  groups  are  shown  in  Fig.  1-10. 

Set  A  was  stored  in  the  ice-storage  room  of  the  Smith  Ice  Company 
in  Urbana,  at  an  average  temperature  of  30°F.  Set  B  was  stored  in 
the  meat  storage  room  of  the  Smith  Ice  Company  in  Urbana,  at  an 
average  temperature  of  48.5 °F.  Set  C  was  stored  in  the  cement  labo- 
ratory of  the  University  of  Illinois  at  an  average  temperature  of  72.8°F. 

Set  D  was  stored  in  the  cement  laboratory  of  the  University  of 
Illinois  at  an  average  temperature  of  68°F.  Set  E  was  stored  in  the 
ice  chest  of  the  Dairy  Department  of  the  University  of  Illinois  at  an 
average  temperature  of  35.5 °F.  Set  F  was  stored  in  the  ice-storage 
room  of  the  Twin  City  Ice  and  Cold  Storage  Company  of  Champaign, 
at  an  average  temperature  of  27.1°F. 

Set  G  was  stored  in  the  ice-storage  room  of  the  Twin  City  Ice  and 
Cold  Storage  Company  at  Champaign,  at  an  average  temperature  of 
26.5 °F.  Set  H  was  stored  in  the  ice  chest  of  the  Dairy  Department 
of  the  University  of  Illinois  at  an  average  temperature  of  34.7  °F.  Set 
T  was  stored  in  an  interior  heated  room  of  the  Twin  City  Ice  and 
Cold  Storage  Company  of  Champaign,  at  an  average  temperature  of 
71.8°F.  Set  M  was  stored  in  a  chamber  of  the  conduit  tunnel  under 
the  Floriculture  building  of  the  University  of  Illinois,  at  an  average 
temperature  of  95.6°F. 
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All  the  specimens  while  in  storage  were  covered  with  several  layers 
of  moist  sacking,  which  was  sprinkled  daily. 

7.  Method  of  Testing. — All  the  specimens  of  Group  I  were  taken 
from  their  storage  places  to  the  Laboratory  of  Applied  Mechanics  of 
the  University  of  Illinois  the  day  before  they  were  tested.  They  were 
measured  and  weighed,  their  bearing  surfaces  coated  with  plaster  of 
paris,  and  then  were  left  in  the  open  air  of  the  laboratory  for  about 
twenty  hours  under  a  temperature  of  about  70°F. 

The  specimens  of  Group  II  were  tested  after  about  one  hour  from 
the  time  of  their  removal  from  the  storage  rooms.  Two  specimens 
of  Set  F,  designated  as  F17  and  F18,  after  being  stored  under  an  aver- 
age mean  daily  temperature  of  27.1  °F.  for  forty-four  days,  were 
stored  in  the  testing  laboratory  under  an  average  mean  daily  tem- 
perature of  70°F.,  the  former  for  seven  days  and  the  latter  for  twenty- 
one  days. 

The  specimens  of  Group  III  were  brought  to  the  testing  labora- 
tory from  their  storage  places,  weighed,  measured,  plastered,  and 
tested  within  one  hour.  The  specimens  of  Set  G,  which  were  stored 
under  freezing  temperatures,  were  allowed  to  thaw  out  before  being 
tested. 

In  the  tests  a  spherical-seated  bearing  block  was  used. 

III.     The  Data. 

8.  Observed  Results. — The  results  of  the  tests  are  given  in  Tables 
3  to  11,  pages  8  to  16,  and  in  Fig.  1-10. 

9.  Standardized  Strength. — Since  a  cube  or  a  cylinder  having  a 
height  equal  to  its  diameter,  tested  for  compressive  strength,  may  be 
expected  to  give  a  value  which  is  higher  than  the  representative  com- 
pressive strength  of  the  material,  it  seems  desirable  for  the  purposes 
of  comparison  to  reduce  the  observed  values  for  the  cubes  and  short 
cylinders  of  Groups  I  and  II  to  what  may  be  considered  as  the  equiva- 
lent values  which  would  be  obtained  from  cylinders  of  height  equal  to 
twice  their  diameter.  To  do  this  the  values  for  the  cubes  and  cylinders 
have  been  multiplied  by  0.73,  which  is  the  ratio  of  strength  of  prisms 
to  strength  of  cubes  determined  by  the  Committee  on  Specifications 
and  Methods  of  Tests  for  Concrete  Materials  of  the  American  Con- 
crete Institute.  The  reduced  values  are  designated  as  the  standardized 
strengths  in  Table  3  to  11,  and  are  shown  by  the  lower  curve  in  Fig. 
1-10. 
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Table  3. 
Compressive  Strength — Age  7  Days 

Group  I.     6  x  6-in.  Cylinders 


Set 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

890 
1100 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

A 

6.0 

6.18 

6.06 

6.06 

6.06 

29  240 
27  670 
24  890 
22  450 
24  450 

1030 

930 
870 
780 
850 

650 

Cracked    uniformly 
around  circumfer- 
ential  area. 

B 

6.12 
6.00 
6.00 
5.87 
5.87 

36  130 

34  770 
31  660 

25  030 

26  950 
27080 

35  830 

37  660 

31  140 

32  250 

1230 

1230 

1120 

930 

980 

800 

Cracked  uniformly 
Skewed 

0 

5.87 
5.81 
5.94 
5.87 
6.00 

1000 
1350 
1370 
1150 
1140 

1200 

880 

Visible  voids 
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Set  A,  Group  I — 1913  Series — 6  x  6-in.  Cylinders. 
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Table  4. 
Compressive  Strength — Age  14  Days 

Group  I.  6  x  6-in.  Cylinders 


Average 

Crushing 

Strength, 

Average 

Strength, 

lb.  per 

Standardized 

Set 

Diameter, 

Strength, 

lb.  per 

Strength, 

Remarks 

in. 

lb. 

sq.   in. 

sq.  in. 

lb.  per  sq.  in. 

6.0 

38  020 

1340 

6.12 

33  340 

1140 

Cracked  uniformly 

A 

6.0 

39  220 

1390 

1190 

870 

around  circumfer- 

6.0 

31390 

1110 

ential  area. 

5.87 

26  700 

980 

6.0 

47  090 

1670 

Cracked  uniformly 

5.94 

50  460 

1820 

" 

B 

5.97 

45  850 

1640 

1540 

1130 

"                 " 

5.94 

30  000 

1090 

Badly  skewed 

5.87 

40  640 
46  170 

1500 
1700 

Slightly    skewed 

5.87 

6.0 

50  000 

1770 

C 

6.12 
6.0 

5.87 

44  190 
44  420 
47  100 

1510 
1570 
1740 

1660 

1210 

Uniform  throughout 
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Fig.  2.    Set  B,  Group  I — 1913  Series — 6  x  6-in.  Cylinders. 
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Table  5. 
Compressive  Strength — Age  28  Days 

Group  I.  6  x  6-in.  Cylinders 


Average 

Crushing 

Strength, 

Average 

Strength, 

lb.  per 

Standardized 

Set 

Diameter, 

Strength, 

lb.  per 

Strength, 

Remarks 

in. 

lb. 

sq.   in. 

lb.  per  sq.  in. 

6.06 

39  340 

1370 

6.06 

37  730 

1320 

A 

5.94 
6.12 
6.00 

48  450 
37  660 
40  300 

1750 
1280 
1430 

1430 

1040 

All  uniform. 

6.06 

56  240 

1960 

6.0 

55  300 

1950 

Area  reduced  by  vis- 

B 

6.06 

6.0 

6.0 

54  600 
34  670 
40  000 

1900 
1230 
1420 

1940 

1410 

ible  voids. 

5.97 

55  720 

2000 

5.94 

63  650 

2310 

0 

5.87 

60  260 

2220 

2090 

1530 

5.87 

49  760 

1840 

Slightly  skewed 

6.0 

40  390 

*1430 

Badly   skewed 

''Not  used  in  calculating  average. 


0    Z    4    £     8    10    12    14    l&    IS   20  22  24  26  28 

4ge  -  Days. 

Fig.  3.     Set  C,  Group  I — 1913  Series — 6  x  6-in.  Cylinders. 
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Table  6. 
Compressive  Strength — Age  4  Days 

Group  II.     6-in.  Cubes 


Set 

Weight 
lb. 

18.50 
18.50 
18.50 
19.00 
19.00 
18.75 

Size, 
in. 

Crushing 

Streneth, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 
lb.  per 
sq.  in. 

780 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

D 

6x6x6 

28  400 
22  450 
33  340 
16690 
10  000 
21300 
15  680 
13  050 
13  000 

790 
620 
920 

570 

E 

',', 

460 

280 
590 

450 

330 

F 

18.75 
18.75 
18.75 

',', 

440 
360 
360 

390 

280 

Slight    coating    of 
frost,   but  all  had 
uniform  break. 

I 


I 

I 


80 
70 
60 
1500 
1600 
1400 
1200 
1000 
800 
600 
400 
ZOO 


Maximum  and  Minimum. 
Mean.  C8°K  for  the 
Zl days. 


0    2    4     6     8     10    IZ    14    16    18    ZO  ZZ  Z4   &  Z8 
Aqe  -  Days. 

Fig.  4.     Set  D,  Group  II — 1913  Series — 6-in.  Cubes 
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Table  7. 

Compressive  Strength — Age  7  Days 

Group  II.     6-in.  Cubes 


Set 

Weight,      Size, 
lb.            in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

D 

18.75      6x6x6 

19.00 

18.75 

39  390 
35  930 
31300 

1090 

1000 

860 

980 

720 

E 

',', 

17  100 
19  820 
14  060 

470 
550 
390 

470 

340 

Broke  uniformly 

F 

18.50 
18.75 
18.75 

20  880 
1    19  230 
!    20  760 

580 
530 
580 

560 
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Fig.  5.     Set  E,  Group  11—1913  Series— 6-in.  Cubes. 
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Table  8. 
Compressive  Strength — Age  11  Days 

Group  II.     6-in.  Cubes 


Set 

Weight 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Standardized 

Strength, 

lb.  per  sq.  in. 

Remarks 

D 

18.75 
18.75 
18.75 

6x6 

x6 

43  420 
52  440 
47  300 

1200 
1460 
1300 

1320 

970 

E 

19.00 
19.00 

18.75 

42  310 
31  060 
26  000 

1180 
860 
720 
420 
490 
610 

920 

670 

370 

Visible    voids 
Broke  at  one  cor- 
ner 

F 

18.75 
18.75 
18.75 

15  080 
17  760 
21  820 

500 
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Fig.  6.     Set  F,  Group  II — 1913  Series— 6-in.  Cubes. 
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Table  9. 
Compressive  Strength — Age  14  Days 

Group  II.     6-in.  Cubes 


Set 

Weight, 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

1540 

D 

19.00 
19.00 
18.75 

6x6x6 

58  710 
62  810 
45  530 
38  630 
40  300 
40  280 

1630 
1740 
1260 

E 

1070 
1120 
1120 

1100 

F 

18.7> 
18.75 
18.75 

19  330 
26  350 
22  900 

540 
730 
650 

640 

Standardized 

Strength, 

lb.  per  sq.  in. 


1130 
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Pig.  7.     Set  G,  Group  III — 1914  Series — 8  x  16-in.  Cylinders. 
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Table  10. 
Compressive  Strength — Age  28  Days 

Group  II.     6-in.  Cubes 


Set 

D 

E 


Weight, 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

19.00 
19.00 
19.00 

6x6x6 

64  000 

67  460 

68  440 

1780 
1870 
1900 

1850 
1550 

18.75 
18.75 
18.75 
19.00 
19.00 
18.75 

—^— 

52  590 
58  270 
56  350 
16  540 

15  160 
10  400 

1460 
1620 
1560 

460 
420 
*290 

440 

Standardized 

Strength, 
lb.  per  sq.  in. 


1350 


1130 


320 


Remarks 


*Specimen  in  bad  condition;  not  included  in  average. 


0    2    4     6     8     10   12    14    16    18    20  22  24  26  28 
Age- Days. 

Fig.  8.     Set  H,  Group  III — 1914  Series — 8  x  16-in.  Cylinders. 
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Table  11. 
Compressive  Strength — Age  42  Days 

Group  II.     6-in.  Cubes. 


Set 

Weight, 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

1850 
1740 
1740 

Average 

Strength, 

lb.  per 

sq.  in. 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

E 

18.75 
18.75 

18.75 

18.00 

6x6x6 

66  710 
62  880 
62  240 
15  240 
31  720 
8  040 

1780 
1780 

1300 

1300 

Broke  uniformly 
One  corner  broke 
Slightly  skewed 

F 

99 

5x5x6 
4x5x6 

420 

1270* 

400t 

Specimens    in    a 
soft    and    crumb- 
ling condition 

*Age  when  tested,  49  days. 
fAge  when  tested,   63  days. 


I 

£  1400 
^IZ00 
J  1000 
%  800 
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400 
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Aqe-Pays. 

Fig.  9.     Set  I,  Group  III — 1914  Series — 8  x  16-in.  Cylinders. 
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Table  12. 
Compressive  Strength — Age  3  Days 

Group  III — 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

lben|er'                   Remarks 
sq.  in. 

Q 

67.75 

67.25 

70.25 

65.0 

66.0 

65.0 

7.94 

7.87 
8.06 

8  880 

9  720 
9  340 

180 
200 
180 
200 
170 
180 

190 

. _ 

180 
500 

Crumbled 
Crumbled   badly 

H 

7.94 
7.87 
8.0 

9  950 

8  250 

9  250 

Plaster  loose  on  one 
end 

I 

69.0 

70.25 

69.75 

64.0 

65.0 

65.0 

8.0 

8.06 
8.06 

7.94 
7.94 

29  650            600 
23  750             460 
22  600             440 

M 

24  000             480 
30  850             620. 
20  000             400. 
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Fig.  10.     Set  M,  Group  III— 1914  Series— 8  x  16-in.  Cylinders. 
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Table  13. 
Compressive  Strength — Age  7  Days 

Group  III— 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

67.75 

67.25 

65.50 

66.0 

69.5 

65.5 

8.0 
8.0 
8.0 

17  200 
14  750 
10  700 

340 

290 

210 

300* 

370 

370 

280 

H 

7.87 
8.06 
7.94 

14  450 
18  920 
18  530 

370 

Skewed  one  inch, 
horizontal  crack 

I 

67.75 
67.25 

8.0 

7.94 

8.12 

40  800 
31  630 
34  340 

810 
640 
660 

700 

M 

68.0 
69.0 
69.0 

8.0 

8.06 

8.06 

44  500 
40  250 
35  150 

890 
790 
690 

790 

kNot  used  in  calculating  average  strength. 


Table  14. 
Compressive  Strength — Age  10  Days 

Group  III — 1914  Series — 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

66.5 
67.5 
70.5 

8.0 

7.87 
8.0 

18  670 
18  280 
23  630 

25  000 
30  680 

26  830 
44  700 
36  050 

370 
370 
470 

400 

H 

68.0 
68.5 
69.0 

8.0 
8.12 
8.06 

500 
600 
530 
880 
720 

540 

2 — 8x8  forms 

I 

67.5 
68.0 

8.06 
8.0 

800 

Top  crumbled 

Skewed 

Fractured  in  transit 

M 

68.0 
69.0 
69.5 

7.94 
8.06 
8.06 

59  620 
46  700 
49  540 

1200 
920 
970 

1030 

2 — 8x8   forms 

Table  15. 
Compressive  Strength — Age  14  Days 

Group  III— 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

70.0 
68.5 
69.5 

8.0 

7.94 
8.06 

26  430 
25  330 
25  420 

520 
510 
500 

510 

H 

67.5 
64.5 
66.5 

7.94 
8.06 
8.0 

30  550 
35  100 
37  750 
51000 
63  230 
41430 
58  000 
40  650 
65  000 

620 
690 
750 

1030 

1260 
820 

1150 
820* 

1290 

690 

I 

66.0 
69.5 
67.0 

7.94 

8.0 

8.0 

1040 

Skewed  slightly- 
Bearing  faces  not 
parallel 

M 

67.5 
66.5 
66.5 

8.0 

7.94 
8.0 

1220 

Visible  voids 

*Not  used  in  calculating  average  strength. 
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Table  16. 
Compressive  Strength — Age  28  Days 

Group  III — 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing       Strength, 
Strength,    i      lb.  per 
lb.         |     sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

68.0 
67.5 
65.0 

8.0 

7.94 

7.94 

32  100                  630 
35  900                 730 
34  100                 690 

680 

H 

65.0 
65.0 
64.0 

8.06 

8.0 

7.87 

45  900                 900 
51  600               1030 

51  400               1050 

83  950               1670 
60  000               1190 
63  900               1290 

990 

1 

68.5 
68.5 
66.0 
66.0 
66.0 
66.0 

8.0 
8.0 
7.87 

1380 

Odd  fracture 

M 

8.0 

8.12 
8.0 

63  500               1260 

101900               1960 

68  200               1360 

1530 

i 

- 

— i 

I6O0 

~r               i            /P~~i 

^    /  emperawres.  [  r  ahr.j 

1500 
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10.  Group  I. — The  results  of  the  tests  of  Group  I,  6  by  6-in. 
cylinders,  are  given  in  Table  3,  4,  and  5;  and  the  relation  between 
strength  and  age  is  shown  in  Fig.  1,  2,  and  3,  pages  8,  9,  and  10.  The 
curves  are  drawn  through  the  average  values  for  each  group  of  five 
specimens  for  7,  14,  and  28  days.  At  the  top  of  each  figure  is  shown 
the  temperature  conditions  for  that  set ;  the  maximum,  the  minimum, 
and  the  mean  temperatures. 

11.  Group  II. — The  results  of  the  tests  of  Group  II,  6-in.  cubes, 
are  given  in  Tables  6-11 ;  and  the  relation  between  strength  and  age 
is  shown  in  Fig.  4,  5,  and  6,  pages  11,  12,  and  13.  The  strength  and 
temperature  curves  are  drawn  as  stated  for  Group  I. 

The  Sets  D  and  E,  Fig.  4  and  5,  pages  11  and  12,  were  stored  under 
substantially  uniform  temperature  conditions,  and  give  results  of  prac- 
tically the  same  character  as  those  of  Group  I. 

The  specimens  of  Set  F  were  stored  in  a  room  where  it  was  known 
the  temperature  would  not  be  uniform.  All  of  the  specimens  tested 
at  11  days  were  slightty  disintegrated  on  the  surface,  and  those  tested 
at  28  days  were  badly  disintegrated;  while  of  those  reserved  to  be 
tested  at  42  days  only  one  could  be  tested  at  that  date,  the  remaining 
specimens,  F17  and  F18,  being  very  badly  disintegrated.  Specimen 
F17  was  tested  at  49  days,  and  F18  at  63  days.  Since  there  was  only 
one  specimen  at  each  of  these  ages,  and  since  none  of  the  other  groups 
contained  specimens  at  corresponding  ages,  the  results  of  these  two 
tests  are  not  plotted  in  Fig.  6,  and  are  not  further  considered. 

The  results  of  Set  F,  indicate  that  the  low  temperature  retarded 
the  hardening  action  of  the  concrete,  and  that  the  alternations  above 
and  below  freezing  caused  a  softening  and  crumbling  of  the  material. 

12.  Group  III. — The  results  of  the  tests  of  Group  III,  8  by  16-in. 
cylinders,  are  given  in  Tables  12-16 ;  and  the  relation  between  strength 
and  age  is  shown  graphically  in  Fig.  7-10.  It  is  noteworthy  that 
under  a  temperature  slightly  below  freezing  the  concrete  gained 
strength  continuously,  see  Fig.  7,  page  14.  It  is  also  interesting  to 
note  that  the  curve  for  a  mean  temperature  of  26.5CF.  is  substantially 
of  the  same  character  as  that  for  a  mean  temperature  of  71.2°, — com- 
pare Fig.  7  and  Fig.  9. 

13.  Summary. — The  results  for  the  three  sets  of  Group  I  are  pre- 
sented in  Fig.  11,  page  19 ;  and  the  corresponding  values  for  Groups 
II  and  III  are  given  in  Fig.  12  and  13.  Fig.  11-13  show  the  relation 
between  strength  and  age  for  the  several  mean  temperatures. 

In  Group  I  the  test  specimens  were  cylinders  6  inches  in  diameter 
and  6  inches  high,  and  in  Group  II  the  specimens  were  6-inch  cubes ; 
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and  owing  to  the  effect  of  the  restraint  of  the  pressing  surfaces  of 
the  testing  machine,  the  results  of  these  tests  are  not  further  consid- 
ered. 

In  Group  III  the  test  specimens  were  cylinders  8  inches  in  diam- 
eter and  16  inches  high,  and  the  interpolated  results  for  these  tests  are 
presented  in  Fig.  14  to  show  the  relation  between  strength  and  temper- 
ature for  the  several  ages.  Fig.  14  may  be  employed  to  determine  (1) 
the  strength  which  the  concrete  attained  at  different  ages  under  a  con- 
stant temperature,  (2)  the  age  at  which  a  particular  strength  was 
gained  under  the  different  temperatures,  and  (3)  the  strength  which 
may  be  expected  at  different  ages  under  different  temperatures.  The 
relative  strength  attained  by  concrete  at  different  temperatures  dur- 
ing hardening  and  at  different  ages  may  be  expected  to  vary  some- 
what with  differences  in  cements,  aggregates,  and  consistencies;  but 
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it  is  thought  that  the  values  in  Fig.  14  may  be  taken  to  represent  the 
effect  of  the  variation  in  the  temperatures  during  hardening  upon 
the  strength. 

Fig.  15  has  been  drawn  by  taking  values  from  the  curves  in  Fig. 
14.  It  shows  in  a  general  way,  the  relation  between  the  strength  at 
28  days  under  70 °F.  and  the  strength  attained  at  various  ages  under 
varying  temperatures.  Fig.  15  can  be  used  in  substantially  the  same 
way  as  Fig.  14. 

The  tests  summarized  in  Fig.  14  and  15  cover  a  wide  range  of 
temperature  conditions,  the  average  temperature  varying  from  20.4°F. 
to  90.6°F.,  and  are  fairly  consistent;  and  hence  it  is  believed  these 
values  are  sufficiently  accurate  to  furnish  suggestive  information 
which  may  be  useful  in  determining  the  time  when  forms  may  be  re- 
moved and  loads  applied. 
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IV.  Conclusions 

14.  General  Conclusions. — It  is  believed  the  following  general  con- 
clusions are  justifiable. 

1.  Under  uniform  temperature  conditions,  there  was  an  increase 
of  strength  with  age  within  the  limits  of  the  tests.  For  any  tempera- 
ture the  rate  of  increase  decreases  with  the  age  of  the  specimen ;  and 
this  rate  of  increase  is  less  correspondingly  at  the  lower  temperature 
conditions.  For  the  specimens  tested,  under  normal  hardening  tem- 
perature conditions  of  from  60  to  70°F.,  the  compressive  strength  of 
the  concrete  subjected  to  a  uniform  temperature  at  the  ages  of  7,  14, 
and  21  days  may  be  taken  as  approximately  50  per  cent,  75  per  cent, 
and  90  per  cent  of  the  strength  at  twenty-eight  days,  respectively. 
For  lower  temperatures  the  percentage  values  are  less ;  and  for  higher 
temperatures  the  percentages  are  higher.  The  relation  between  the 
percentage  values  at  the  ages  of  7,  14,  21,  and  28  days  is  nearly  the 
same  for  temperature  conditions  from  30°  to  70°  F.  However,  the 
values  for  the  lower  temperatures  should  be  used  with  caution. 

2.  Concrete  which  is  maintained  at  a  temperature  of  60°  to  70°  F. 
will  at  the  age  of  one  week  have  practically  double  the  strength  of  the 
same  material  which  is  kept  at  a  temperature  of  32°  to  40°  F. 

3.  Fig.  14  and  15  may  be  used  to  determine  the  representative 
strength  of  concrete  similar  to  that  used  in  these  tests,  for  various 
temperature  conditions  and  for  ages  up  to  28  days.  These  diagrams 
may  be  used  with  a  fair  degree  of  approximation  to  ascertain  the  rel- 
ative strengths  which  concrete  of  ordinary  practice  may  be  expected  to 
attain  at  the  different  temperatures.  It  should  be  noted  that  gener- 
ally in  this  investigation  the  specimens  were  stored  under  tempera- 
tures which  were  nearly  uniform  during  the  whole  storage  period. 
In  set  F  the  variations  in  temperature  include  a  number  of  alterna- 
tions above  and  below  the  freezing  point  and  the  specimens  were  seri- 
ously injured.  The  results  accord  with  the  well-known  effect  of  freez- 
ing and  thawing  upon  green  concrete. 
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LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTIVE. 

PART  I. 

I.    Introduction. 

1.  The  tests  the  results  of  which  are  here  recorded  constitute  the 
first  work  of  the  recently  established  locomotive  laboratory  of  the  Uni- 
versity of  Illinois.  They  relate  to  a  typical  consolidation  locomotive 
which  was  loaned  to  the  University  by  the  Illinois  Central  Rrailroad. 

In  Part  I  of  this  report  the  aim  has  been  to  present  as  brief  a 
statement  of  the  conditions  and  results  as  is  compatible  with  a  clear 
understanding  of  the  tests.  Part  II,  on  the  other  hand,  consists  of 
appendixes  in  which  supplementary  detail  is  fully  recorded.  In  the 
presentation  and  discussion  of  the  results  in  Part  I,  only  the  more  im- 
portant facts  concerning  boiler  and  engine  performance  have  been  in- 
cluded. There  remain  in  the  complete  record  of  results  given  in  Ap- 
pendix 4  many  facts  which  may  be  of  use  to  those  interested  in  the 
details  of  boiler  and  engine  tests.  In  this,  the  first  publication  relat- 
ing to  the  work  of  the  laboratory,  laboratory  equipment  and  methods 
are  described  in  detail  in  order  to  complete  the  record  and  to  provide 
a  basis  for  reference  in  future  publications  from  which  such  detail 
will  be  omitted. 

2.  Purpose  of  the  Tests. — The  locomotive  was  first  tested  in  the 
condition  in  which  it  was  received  from  service.  It  was  then  sub- 
jected to  certain  repairs  some  of  which  affected  its  performance,  and 
was  again  fully  tested.  The  main  purpose  of  the  tests  was  to  deter- 
mine the  general  performance  of  the  locomotive  and  the  performance 
of  its  boiler  and  engines  after  the  repairs  were  made  and  when  the 
locomotive  was  in  excellent  condition. 

3.  Acknowledgments. — The  locomotive  was  loaned  for  the  tests 
through  the  interest  and  courtesy  of  Mr.  W.  L.  Park,  Vice  President, 
and  Mr.  Morgan  K.  Barnum,  General  Superintendent  of  Motive  Power, 
of  the  Illinois  Central  Railroad.  During  the  progress  of  the  tests  Mr. 
R.  W.  Bell,  then  General  Superintendent  of  Motive  Power,  and  vari- 
ous members  of  his  staff  frequently  gave  assistance  and  advice  to  those 
in  charge  of  the  laboratory.  It  is  a  pleasure  to  record  here  our  ap- 
preciation of  these  services. 

Mr.  Franklin  W.  Marquis,  formerly  Associate  in  the  Department 
of  Railway  Engineering,  was  in  immediate  charge  of  the  laboratory 
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from  its  establishment  until  the  completion  of  the  first  ten  tests  in- 
cluded in  this  report.  He  also  had  a  large  share  in  working  out  the 
details  of  the  laboratory  design.  To  him  is  due  the  successful  solution 
of  many  of  the  problems  which  arose  in  putting  the  equipment  in 
operation  and  in  establishing  the  test  procedure. 

"We  would  acknowledge  also  the  assistance  received  from  the  nu- 
merous members  of  the  laboratory  staff  and  especially  from  Mr.  H.  H. 
Dunn. 

II.     The  Locomotive. 

The  locomotive  tested  is  of  the  consolidation  (2-8-0)  type,  built 
by  the  Baldwin  Locomotive  Works  in  1909.  It  weighs  223  000  pounds, 
and  has  22  in.  x  30  in.  simple  cylinders  using  saturated  steam.  Its 
principal  dimensions  are  given  below,  and  a  detailed  description  ap- 
pears in  Appendix  1. 

Total  weight,  in  working  order,  lb 223  000 

Weight  on  drivers,  lb 200  900 

Cylinders  (simple),  diameter  and  stroke,  in 22  x  30 

Diameter  of  drivers,  in 63 

Fire-box  width,  in 66 

Grate  area,  sq.  ft 49.55 

Heating  surface,  tubes  (fire  side),  sq.  ft 3094 

Heating  surface,  total,  sq.  f t 3283 

Boiler  pressure,  lb.  per  sq.  in 200 

When  it  was  received  at  the  laboratory,  the  locomotive  had  been 
in  service  three  and  one-third  years  and  had  run  107  800  miles.  Im- 
mediately preceding  the  tests  the  locomotive  had  been  in  service  only 
five  weeks  after  receiving  general  repairs,  and  was  in  good  condition 
when  it  arrived  at  the  laboratory.  It  was  completely  tested  in  this 
condition  and  the  results  of  these  tests  are  designated  as  Series  I. 
The  results  of  this  series  disclosed  a  performance  not  quite  so  good  as 
had  been  anticipated  and,  in  the  endeavor  to  do  whatever  was  possible 
to  improve  the  performance,  valves  were  reset  and  eccentric  straps 
shimmed ;  cylinders  and  valve  chambers  were  re-bored ;  new  pistons 
and  piston  rings,  new  valve  bull-rings  and  packing  rings  were  ap- 
plied ;  rod  packing  renewed ;  the  exhaust  nozzle-tip  changed  from 
5V4  in.  to  5%  in. ;  and  a  small  leak  in  one  of  the  steam  pipe  joints 
was  stopped.  Certain  incidental  repairs  having  no  effect  on  perform- 
ance were  made  at  the  same  time.  Following  this  work  the  locomotive 
was  run  the  equivalent  of  about  1200  miles  in  wearing  down  the  cyl- 
inders and  packing  before  making  the  tests  of  Series  2.    It  should  be 
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emphasized  that  all  of  these  repairs  were  resorted  to  only  that  noth- 
ing which  would  probably  improve  the  performance  be  left  undone, 
and  that  under  ordinary  service  requirements  they  would  have  been 
regarded  as  quite  unnecessary.  After  their  completion  the  locomo- 
tive, then  in  excellent  condition,  was  subjected  to  the  tests  which  are 
designated  as  Series  2. 

Locomotive  958  is  a  characteristic  freight  locomotive  of  whose  type 
there  are  about  twenty  thousand  on  American  railways,  or  one  third 
of  the  total  in  service.  Its  weight  and  heating  surface  exceed  the 
average  values  of  these  quantities  for  all  consolidation  locomotives  by 
about  twenty-five  per  cent.  It  is  in  most  respects  thoroughly  repre- 
sentative of  its  type.  Complete  laboratory  tests  of  simple  consolida- 
tion locomotives  are  not  common  and  include  tests  of  only  three  dif- 
ferent classes,  all  of  which  are  somewhat  smaller  than  the  one  here 
under  consideration.* 

III.     Summary  op  the  Results. 

While  it  is  not  possible  to  summarize  all  the  results  of  the  tests 
further  than  is  done  in  the  curves  included  beyond,  it  is  feasible 
briefly  to  state  at  this  point  the  main  facts  defining  the  range  through 
which  the  locomotive  was  worked  and  to  indicate  the  minimum  or 
maximum  values  of  a  few  of  the  more  important  quantities.  The 
statements  apply  to  the  tests  of  Series  1  and  2  combined. 

4.  Tlie  Boiler. — The  maximum  amount  of  dry  coal  fired  per  hour 
during  any  of  the  tests  was  11  127  lb.  or  224.5  lb.  per  square  foot  of 
grate  per  hour,  an  amount  much  in  excess  of  what  is  usual  or  de- 
sirable on  hand-fired  locomotives  in  service.  The  maximum  quantity 
of  cinders  ejected  into  the  front  end  and  from  the  stack  amounted  to 
27.4  per  cent  of  the  dry  coal  fired.  This  cinder  loss  also  is  quite  un- 
usual and  it  occurred  under  conditions  which  rarely  prevail  in  ser- 
vice, the  draft  during  this  test  being  equivalent  to  12.8  inches  of  water 
in  front  of  the  diaphragm. 

During  the  test  in  which  the  heating  surface  was  forced  to  its 
greatest  activity,  the  total  equivalent  evaporation  per  hour  was  57  954 
lb.,  or  17.65  lb.  per  square  foot  of  heating  surface  per  hour.  This  rate 
of  evaporation  is  altogether  unusual  in  service  and  has  been  exceeded 
only  rarely  under  test  conditions.    The  best  economic  performance  of 


•"Locomotive   Tests   and   Exhibits"    and   bulletins   Ho.    7,    8,    9,    12,    13,    15,    and   16 
published  by  the  Pennsylvania  Railroad  Company. 
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the  boiler  was  obtained  in  test  No.  2024  during  which  the  equivalent 
evaporation  per  pound  of  dry  coal  was  10.07  lb.  There  is  some  doubt 
however  about  the  validity  of  this  result  which  exceeds  the  next  high- 
est evaporation  per  pound  of  coal  (8.96  lb.)  by  12.4  per  cent. 

These  results  were  all  obtained  when  using  run-of-mine  coal  from 
Mission  Field  Mine,  Vermilion  County,  Illinois,  which  varied  in  heat- 
ing value  from  11  835  B.t.u.  to  12  848  B.t.u.  per  pound  of  dry  coal. 

5.  The  Engines  and  the  Locomotive. — The  maximum  indicated 
horse  power  developed  during  the  tests  was  1654  which  occurred  in 
test  No.  2093  with  a  cut-off  of  48.6  per  cent  and  a  speed  of  30.4  miles 
per  hour.  This  is  the  greatest  power  which  has  been  developed  during 
laboratory  tests  with  a  locomotive  of  this  type.  The  maximum  draw- 
bar horse  power  was  1431.  The  maximum  tractive  effort  developed, 
29  240  lb.,  is  only  75  per  cent  of  the  rated  maximum  and  is  not  sig- 
nificant because  of  the  fact  that,  as  in  all  laboratory  tests,  it  was  not 
feasible  to  work  the  locomotive  at  the  lowest  speeds  and  the  greatest 
cut-offs. 

The  lowest  water  rate  attained  was  27.17  lb.  of  dry  steam  per  in- 
dicated horse  power  per  hour.  This  steam  consumption  is  not  so  low 
as  has  been  previously  obtained  in  tests  of  locomotives  of  this  type 
under  similar  conditions,  being  almost  17  per  cent  in  excess  of  the 
lowest  figure  previously  recorded.  The  minimum  heat  content  of  the 
dry  coal  fired  per  indicated  horse  power  per  hour  was  50  872  B.t.u. 
and  the  minimum  dry  coal  fired  per  hour  per  indicated  horse  power 
was  4.00  lb.  The  minimum  dry  coal  fired  per  hour  per  drawbar  horse 
power  was  4.62  lb. 

IV.     The  Tests  and  the  Test  Program. 

The  locomotive  was  worked  during  the  tests  throughout  a  range  of 
speed  corresponding  to  that  which  would  ordinarily  prevail  in  service. 
At  each  of  the  various  speeds  the  endeavor  was  made  to  vary  the  cut- 
off throughout  as  wide  a  range  as  the  capacity  of  the  boiler  or  of  the 
grate  would  permit.  The  adhesion  between  the  drivers  and  the  sup- 
porting wheels  in  the  laboratory  is  less  however  than  the  adhesion  be- 
tween the  drivers  and  the  rail  on  the  road,  and  consequently  it  was 
impossible  at  low  speeds  to  run  at  maximum  cut-offs.  The  designa- 
tions for  speed  and  cut-off  used  in  this  section  are  approximate  only, 
and  represent  the  conditions  predetermined  for  each  test.   The  actual 


LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTIVE  9 

average  values  attained  during  the  tests  appear  in  Appendix  4.    All 
tests  were  run  with  the  throttle  wide  open. 


Table  1. 
Test  Program — Series  2. 

SHOWING   TESTS  RUN   AT  VARIOUS   SPEEDS  AND   CUT-OFFS. 


Approximate 
Speed 

Approximate  Cut-off — Per  cent  of   Stroke 

Rev. 

per 
Minute 

Miles 
per 
Hour 

16                  24 

32 

40 

48 

56 

65 

10 

2081 
2086 

2075 
2097 

2085 
2096 

2095 
2098 

110                 20 

2080               on?? 
2087              2077 

2073 

2072 

2084 

2094 

165                SO 

2083              2078 

2074 
2092 

2076 

2082 

2093 

220                40 

2088              2079 

2089 

Table  2. 
Test  Program — Series  1. 

SHOWING   TESTS  RUN   AT  VARIOUS   SPEEDS  AND    CUT-OFFS. 


Approximate 
Speed 

Approximate  Cut-off — Per  cent  of   Stroke 

Rev. 

per 

Minute 

Miles 
per 
Hour 

16 

20 

24 

32 

40 

48 

55 

10 

2024 

2028 

83 

15 

2017 
2021 
2026 
2009 

2018 
2020 

2019 
2022 

2031 

110 

20 

2027 

2029 

2035 

2033 

138 

25 

2012 

2013 

2023 

165 

30 

2030 

2032 
2014 

2037 

193 

35 

2016 

2010 

2015 

2034 

6.  Series  2. — Series  2  comprises  25  tests  and  includes  tests  2072 
to  2098  (excepting  only  tests  2090  and  2091  which  are  referred  to 
beyond).  In  this  series  the  speed  varied  from  10  to  40  miles  per  hour 
or  from  55  to  220  revolutions  per  minute,  while  the  cut-off  ranged 
from  16  per  cent  to  56  per  cent  of  the  stroke.  The  distribution  of  these 
tests  at  the  different  speeds  and  cut-offs  is  shown  in  Table  1. 

As  elsewhere  explained,  (see  section  II  and  Appendix  1)  the  loco- 
motive during  this  group  of  tests  was  in  excellent  condition,  valves 
having  been  reset,  valve  chambers  and  cylinders  rebored,  the  packing 
for  pistons  and  valves  and  rods  renewed,  a  leak  in  one  of  the  steam 
pipe  joints  stopped,  and  the  exhaust  nozzle  tip  changed  from  5^4  in. 
to  5%  in. 
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7.  Series  1. — Series  1  comprises  26  tests  and  includes  tests  2009 
to  2037  (excepting  No.  2011,  2025,  and  2036).  Test  2025  is  omitted 
from  the  record  because  of  errors  in  water  measurement,  and  tests  2011 
and  2036  were  discontinued  before  their  completion — one  on  account 
of  an  injector  failure,  the  other  on  account  of  a  faulty  valve  in  the 
line  supplying  oil  to  the  absorption  brakes. 

In  this  group  of  tests  the  speed  varied  from  10  to  35  miles  per  hour 
or  from  55  to  193  revolutions  per  minute,  while  the  cut-off  ranged  from 
16  per  cent  to  48  per  cent  of  the  stroke.  The  distribution  of  these 
tests  at  the  different  speeds  and  cut-offs  is  shown  in  Table  2.  During 
Series  1  the  locomotive  was  in  the  condition  in  which  it  was  received 
at  the  laboratory,  which  is  distinguished  from  the  condition  prevailing 
during  Series  2  by  the  repairs  above  cited. 

8.  Intermediate  Tests. — Immediately  after  the  completion  of  the 
tests  of  Series  1,  the  valves  of  the  locomotive  were  reset,  the  eccentric 
straps  shimmed,  rod  packing  replaced,  and  the  valve  rings  and  piston 
rings  were  renewed  and  refitted.  After  these  changes  eight  tests — 
No.  2038  to  2045— were  run. 

These  changes,  intended  to  improve  cylinder  performance,  did  not 
materially  affect  it.  Because  of  them,  however,  these  tests  are  ex- 
cluded from  Series  1  and  their  results  appear  only  in  Appendix  4. 
They  are  not  included  in  any  of  the  figures  presented  in  the  report. 
Since  during  these  eight  tests  the  condition  of  the  boiler  was  exactly 
the  same  as  during  Series  1,  their  results  relating  to  boiler  perform- 
ance are  comparable  with  those  of  that  series. 

During  the  progress  of  Series  2,  two  tests — No.  2090  and  2091 — 
were  run  with  the  nozzle  tip  changed  from  5%  in.  to  5V4  in.  With 
this  exception  all  conditions  prevailing  in  these  two  tests  were  the  same 
as  in  Series  2.  These  tests  are  referred  to  beyond,  and  their  results 
are  separately  presented  in  Appendix  4.  They  are  excluded  from 
Series  2. 

In  addition  to  the  tests  above  mentioned,  26  runs  (No.  2046- 
2071)  were  made  for  such  purposes  as  to  wear  down  the  cylinder 
and  valve  chambers  after  re-boring,  to  make  final  choice  of  ex- 
haust nozzle  tip,  etc.  While  these  runs  were  given  test  numbers,  they 
were  incomplete  and  were  not  intended  to  be  included  in  the  report. 
Of  the  64  tests  made  with  the  expectation  that  they  would  be  embodied 
in  the  report,  only  the  three  referred  to  in  paragraph  7  have  been  ex- 
cluded from  the  record. 
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V.     Test  Methods  and  Test  Conditions. 

9.  Methods  and  Equipment. — The  methods  employed  in  conduct- 
ing the  tests  and  in  deriving  the  results  are  explained  in  detail  in 
Appendixes  3  and  5.  They  conform  in  general  to  those  prescribed  by 
the  American  Railway  Master  Mechanics'  Association  code  for  con- 
ducting laboratory  tests  of  locomotives,  published  in  the  Proceedings 
of  the  Association  for  1914.  Whatever  deviations  from  this  code  have 
been  found  desirable  are  indicated  in  the  appendixes. 

The  laboratory  equipment  is  described  in  Appendix  2.  While  this 
equipment  differs  in  several  details  from  that  of  other  laboratories,  the 
only  difference  which  has  materially  affected  test  methods  lies  in  the 
presence  of  a  cinder  separator,  through  which  all  the  exhaust  gases 
pass  and  in  which  the  entire  body  of  cinders  is  collected.  Except  dur- 
ing one  group  of  tests  conducted  at  the  Pennsylvania  Railroad  testing 
plant,  when  temporary  provision  was  made  to  collect  all  the  cinders 
issuing  from  the  stack,  the  cinder  discharge  has  been  determined  in 
other  laboratory  tests  merely  by  sampling  the  exhaust  gas  stream. 

The  design  of  this  cinder  separator  is  illustrated  in  Appendix  2. 
Its  operation  has  been  entirely  successful.  Repeated  examinations  of 
the  exhaust  gases  as  they  issued  from  the  separator,  and  unsuccessful 
attempts  to  collect  solid  matter  in  the  neighborhood  of  the  laboratory 
stack  have  made  it  clear  that  the  separator  collects  and  retains  even 
the  finest  cinders  under  all  test  conditions.* 

10.  Conditions. — As  previously  stated  the  coal  used  during  all  the 
tests  came  from  Mission  Field  Mine,  Vermilion  County,  Illinois.  For 
all  tests  to  and  including  No.  2091  run-of-mine  coal  was  used.  During 
tests  2092,  2093,  2094,  and  2095  a  mixture  of  run-of-mine  and  screened 
lump  was  used,  which  in  appearance,  analysis,  and  performance  was 
not  materially  different  from  the  run-of-mine  alone.  During  the  last 
three  tests,  (2096-2098)  on  account  of  a  shortage  in  the  supply  of  run- 
of-mine  coal,  li/2-in-  screenings  were  used.  Because  of  this  difference 
in  conditions,  all  data  and  all  results  involving  coal  are  excluded  from 
the  record  of  these  three  tests. 

The  locomotive  during  all  tests  was  fired  by  C.  Welker,  a  skilled 
fireman,  detailed  for  this  purpose  by  the  Illinois  Central  Railroad  from 
their  regular  force.  Previous  to  his  engagement  at  the  laboratory,  he 
had  had  four  and  one-half  years'  experience  as  fireman  on  this  road 
and  upon  the  completion  of  the  tosts  returned  to  their  service.    Dur- 

*Thp  term  cinders  is  here  used  to  mean  particles  of  appreciable  size  as  distinguished 
from  impalpable  dust.  Samples  of  the  stack  cinders  representing  the  entire  range  in  rate 
of  combustion  contained  from  10  to  18  per  cent  of  material  which  passed  a  200  mesh 
screen. 
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ing  some  of  the  tests  lie  was  assisted  by  one  of  three  other  firemen  who 
were  also  detailed  at  various  times  from  the  local  Illinois  Central  force. 
None  of  these  men  had  had  less  than  one  year 's  experience.  Mr.  Wel- 
ker  in  these  tests,  as  in  those  in  which  he  acted  alone,  remained  in 
charge  and  responsible  for  the  character  of  the  work. 

The  condition  of  the  locomotive  has  been  briefly  stated  in  Section  II 
and  is  more  fully  explained  in  Appendix  1.  The  test  program  and  the 
conditions  of  speed  and  cut-off  have  been  presented  in  section  IV. 

VI.    The  Results  of  the  Tests  of  Series  2. 

All  the  data  and  the  results  of  the  tests  of  Series  2  are  presented 
in  detail  in  the  tables  of  Appendix  4.  There  are  included  in  this  sec- 
tion only  the  more  important  data  and  results  relating  to  the  perform- 
ance of  the  boiler,  the  engines,  and  the  locomotive.  These  facts  are 
here  presented  in  both  tabular  and  graphical  form.  In  establishing 
the  relations  between  results  chief  reliance  is  placed  upon  the  figures : 
and  the  tabular  matter,  which  is  a  repetition  of  parts  of  Appendix  4, 
is  included  for  convenience  of  reference  only.  Except  where  other- 
wise specifically  stated,  the  curves  in  the.  figures  have  been  produced 
by  averaging  the  coordinates  of  various  groups  of  points,  plotting 
these  average  values,  and  passing  as  nearly  as  possible  through  the 
points  thus  determined  a  smooth  curve.  The  test  designations  which 
appear  in  the  tables  indicate  first  the  approximate  speed  in  revolutions 
per  minute,  next  the  nominal  cut-off  in  per  cent,  and  finally  the 
amount  of  throttle  opening.  Thus  in  test  2072,  designated  as  110-40-F, 
the  speed  was  about  110  revolutions  per  minute,  the  cut-off  approx- 
imately 40  per  cent,  and  the  throttle — as  in  all  the  tests — was  ' '  full ' ' 
or  wide  open. 

A.     Boiler  Performance. 

The  more  significant  data  and  results  pertaining  to  the  perform- 
ance of  the  boiler  in  Series  2  are  collected  from  Appendix  4  and  pre- 
sented here  in  Tables  3  and  4,  which  include  nearly  all  the  facts  used 
in  producing  the  figures  relating  to  boiler  performance.  In  both  of 
these  tables  the  tests  are  arranged  in  the  order  of  the  increasing 
amounts  of  dry  coal  fired  per  hour  per  square  foot  of  grate  (code  No. 
627) .  If  this  arrangement  is  borne  in  mind,  some  of  the  relations  may 
be  more  definitely  and  quite  as  conveniently  studied  in  the  tables  as  in 
the  curves. 

In  attempting  to  draw  from  these  results  inferences  concerning  the 
performance  of  locomotives  in  service,  it  should  be  remembered  that 
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during  the  tests  the  boiler  was  forced  somewhat  beyond  the  limits 
which  would  ordinarily  be  maintained  in  service ;  so  that  the  maximum 
test  values  of  such  measures  of  boiler  activity  as  draft,  rate  of  com- 
bustion, and  rate  of  evaporation  are  somewhat  greater'  than  the  values 
which  would  be  maintained  on  the  road  for  any  except  very  short 
periods. 

11.  General  Conditions. — The  average  boiler  pressure  varied  dur- 
ing the  tests  of  this  series  from  191.5  to  199.2  pounds,  and  the  feed 
temperature  ranged  between  44.7  and  63.6  degrees.  As  is  common  un- 
der the  uniform  conditions  of  load  which  are  maintained  in  laboratory 
tests,  the  quality  of  the  steam  was  high  and  nearly  uniform  throughout 
the  series,  the  lowest  quality  being  0.984  and  the  highest  0.9963. 

The  calorific  value  of  the  fuel  varied  between  the  limits  of  10  487 
and  11  660  B.t.u.  per  pound  of  coal  as  fired,  and  from  12  095  to 
12  848  B.t.u.  per  pound  of  dry  coal.  The  ash  in  the  coal  as  fired 
varied  from  9.64  to  13.96  per  cent. 

Of  the  25  tests  of  Series  2,  seventeen  were  of  more  than  one  hour's 
duration.  In  the  remaining  eight  tests  the  test  period  was  less  than 
one  hour,  being  in  one  test  only  25  minutes.  Even  in  this  test,  how- 
ever, the  coal  burned  amounted  to  4095  pounds. 

12.  Draft. — The  relation  between  the  draft  values  and  the  rate  of 
combustion  is  indicated  in  Fig.  2,  and  their  relation  to  rate  of  evapora- 
tion in  Fig.  3.  Inspection  of  the  curve  of  firebox  draft  in  these  figures 
reveals  close  agreement  between  the  values  represented  by  the  indi- 
vidual points  and  the  average  value  represented  by  the  curve.  This 
fact  may  be  accepted  as  an  indication  of  the  uniformity  with  which  the 
fire  was  managed  during  the  tests. 

In  test  2093  the  drafts  in  front  of  the  diaphragm,  back  of  the  dia- 
phragm, in  the  firebox,  and  in  the  ashpan  were  12.8,  7.8,  3.4,  and  0.9 
inches  of  water  respectively.  The  rate  of  combustion  in  this  test  was 
118.66  pounds  of  coal  per  hour.  The  drafts  cited  are  the  maxima  at- 
tained during  this  series  except  in  the  case  of  firebox  draft  which  was 
exceeded  by  0.1  of  an  inch  in  one  other  test. 

13.  Firebox  and  Front-end  Temperatures. — The  temperature  of 
the  gases  in  the  firebox  varied  between  1267  and  1785  degrees  during 
the  first  twelve  tests  of  this  series.  This  temperature  was  not  recorded 
during  the  remaining  tests  because  of  a  break-down  in  the  pyrometer 
equipment.  The  relation  of  this  temperature  to  both  rate  of  combus- 
tion and  rate  of  evaporation  is  exhibited  by  the  upper  curves  of  Fig. 
4  and  5  respectively. 
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Fig.  2.     The  Relations  Between  Draft  and  Rate  of  Combustion. 


4 

12 

FRONT  OF   DIAPHRAGM 

r 

10 

> 

I 

0 

1 

8 

I 

(^ 

SACK  OF   DIAPHRAOM 

1 

6 

0 

o" 

'o 

°l 

4 

FIREBOX 

C 

<S 

L 

2 

2 

5^ 

2- 

-^ 

y 

> 

ASH    PAN 

— 

w* 

C 

X) 

fl 

- 

^ 

3 

oa 

r1 

r 

J 

0 

1 

J 

i 

i 

I 

b 

1 

r 

i 

0 

EQUIVALENT  EVAPORATION  PER  SQUARE  FOOT  OF  HEATING  SURFACE 
PER  HOUR — POUNDS 


Fig.  3.     The  Relations  Between  Draft  and  Rate  of  Evaporation. 
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Fig.  4.     The  Relations  Between  Firebox  and  Front-end  Temperatures 
and  Bate  of  Combustion. 
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Fig.  5.     The  Belations  Between  Firebox  and  Front-end  Temperatures 
and  Bate  of  Evaporation. 


The  temperature  of  the  gases  in  the  front-end  ranged  between  506 
and  702  degrees  and  increased  very  regularly  as  the  activity  of  the 
grate  and  of  the  heating  surface  was  increased.  The  relation  of  front- 
end  temperature  to  rate  of  combustion  appears  in  the  lower  curve  of 
Fig.  4,  and  its  relation  to  rate  of  evaporation  in  Fig.  5. 
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14.  Coal  Consumption. — The  smallest  amount  of  fuel  fired  during 
any  of  the  tests  was  3799  pounds  of  moist  coal  or  3334  pounds  of  dry 
coal.  The  greatest  amount  per  test  was  8506  pounds  of  moist  coal 
or  7495  pounds  of  dry  coal.  The  rate  of  firing  ranged  from  1975 
pounds  of  dry  coal  per  hour  in  test  2081  to  11  127  pounds  of  dry  coal 
per  hour  in  test  2089.  The  rate  of  combustion  varied  between  39.9 
and  224.5  pounds  of  dry  coal  per  square  foot  of  grate  per  hour. 

15.  Evaporation. — The  equivalent  evaporation  per  hour  varied 
between  the  limits  of  17  277  and  57  954  pounds.  The  rate  of  increase 
in  equivalent  evaporation  per  hour  with  respect  to  the  hourly  con- 
sumption of  dry  coal  is  exhibited  in  Fig.  6.  In  this  figure  four  of 
the  highest  values  of  evaporation  are  somewhat  more  divergent  from 
the  average  represented  by  the  curve  than  are  the  values  for  other 
tests.  These  four  are  all  tests  of  short  duration  in  which  the  measure- 
ment of  the  coal  may  be  on  this  account  slightly  less  accurate  than  in 
the  other  tests.  Two  of  them,  however,  are  tests  in  which  the  coal  used 
was  the  mixture  of  lump  and  run-of-mine  referred  to  in  section  V, 
and  this  fact  may  perhaps  partially  account  for  their  divergence. 

The  equivalent  evaporation  per  square  foot  of  heating  surface  per 
hour  varied  in  this  series  from  5.26  pounds  to  17.65  pounds.  Fig.  7 
shows  the  relation  of  the  rate  of  evaporation  to  the  amount  of  dry  coal 
fired  per  square  foot  of  grate  per  hour. 

16.  Boiler  Horse  Power. — Under  the  usual  convention  of  34.5 
pounds  of  equivalent  evaporation  per  hour  per  horse  power,  the  boiler 
of  this  locomotive  developed  a  maximum  horse  power  of  1680.  This 
maximum  is  equivalent  to  one  horse  power  for  each  1.95  square  feet 
of  heating  surface,  or  for  each  0.295  of  a  square  foot  of  grate  area. 

17.  Economic  Performance. — The  equivalent  evaporation  per 
pound  of  dry  coal  ranged  from  a  minimum  of  4.94  to  a  maximum  of 
8.75  pounds.  This  range  represents  as  good  a  performance  as  would 
be  expected  from  the  grade  of  coal  used.  The  lower  evaporations  per 
pound  of  coal  were  of  course  obtained  with  the  higher  rates  of  com- 
bustion and  evaporation.  The  rate  of  this  decrease  in  evaporation  per 
pound  of  dry  coal  is  shown  in  Fig.  8  and  9,  the  former  showing  the 
decrease  with  respect  to  increase  in  the  rate  of  combustion  and  the 
latter  with  respect  to  increase  in  the  rate  of  evaporation.  Either  of 
these  figures  may  serve  as  an  index  of  the  general  performance  of  the 
boiler. 

18.  Boiler  Efficiency.— By  efficiency  is  meant,  in  this  connection, 
the  ratio  of  the  heat  absorbed  by  the  boiler  to  the  heat  contained  in 
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Fig.  8.     The  Relation  Between  Evaporation  per  Pound  op  Coal 
and  Rate  of  Combustion. 
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the  coal  in  the  condition  in  which  it  was  supplied  to  the  fire,  and  it 
represents  therefore  the  combined  efficiencies  of  the  furnace  and  of 
the  boiler  proper,  in  producing  and  utilizing  the  heat.  The  maximum 
efficiency,  67.61  per  cent,  was  obtained  in  test  2095  with  a  rate  of  com- 
bustion of  67.3  pounds  of  dry  coal  per  square  foot  of  grate  per  hour, 
which  is  not  quite  the  lowest  rate  of  combustion  occurring  during  this 
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Fig.  10.     The  Eelation  Between  Boiler  Efficiency  and  Eate  of 

Combustion. 
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series.  The  minimum  efficiency,  38.77  per  cent,  was  obtained  in  test 
2089  in  which  the  highest  rate  of  combustion  prevailed,  namely  224.5 
pounds  of  dry  coal  per  square  foot  of  grate  per  hour.  The  relations 
of  efficiency  to  rate  of  combustion  and  to  rate  of  evaporation  are 
shown  in  Fig.  10  and  11,  respectively. 
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19.  Cinder  Losses. — The  data  relating  to  the  cinder  losses  which 
occurred  during  these  tests  have  an  especial  significance  in  view  of  the 
methods  by  which  they  were  obtained.  The  locomotive  was  equipped 
with  a  self-cleaning  front-end  and  the  maximum  amount  of  cinders 
there  collected  during  any  test  was  only  21  pounds.  In  no  test  did 
the  weight  of  front-end  cinders  amount  to  more  than  0.4  of  one  per 
cent  of  the  dry  coal  fired.  For  this  reason  no  attempt  is  made  to  dis- 
tinguish between  cinders  accumulated  in  the  front  end  and  those  dis- 
charged from  the  stack,  in  the  discussion  here  presented,  although  they 
are  so  distinguished  in  Table  4.  In  the  discussion  only  the  total 
amounts  of  cinders  formed  are  referred  to.  These  are  substantially 
the  same  as  the  amounts  discharged  from  the  stack. 

The  minimum  cinder  loss  occurred  in  test  2081,  during  which  cin- 
ders were  formed  at  the  rate  of  69  pounds  per  hour.  The  draft  in  this 
test  was  equivalent  to  2.2  inches  of  water  in  front  of  the  diaphragm, 
and  the  rate  of  combustion  was  39.9  pounds  of  dry  coal  per  square 
foot  of  grate  per  hour.  The  greatest  cinder  loss  amounted  to  2984 
pounds  per  hour  and  occurred  in  test  2089,  in  which  the  correspond- 
ing draft  was  11.9  inches  of  water  and  the  rate  of  combustion  224.5 
pounds  of  dry  coal  per  square  foot  of  grate  per  hour.  Fig.  12  shows 
the  increase  in  cinders  formed  per  hour  as  the  amount  of  coal  burned 
per  hour  increases. 

These  cinder  losses  are  more  conveniently  expressed  as  percentages 
of  the  weight  of  dry  coal  fired,  and  they  are  so  presented  in  Table  4. 
Inspection  of  this  table  shows  the  minimum  loss  to  have  amounted  to 
3.5  per  cent  of  the  dry  coal  fired.  This  loss  occurred  in  test  2081  in 
which,  as  above  stated,  the  draft  in  front  of  the  diaphragm  was  2.2 
inches  of  water  and  39.9  pounds  or  dry  coal  were  burned  per  square 
foot  of  grate  per  hour.  The  maximum  cinder  loss  amounted  to  27.4 
per  cent  of  the  dry  coal  fired  and  occurred  in  test  2093,  when  the  draft 
was  12.8  inches  and  the  rate  of  combustion  206.2  pounds  of  dry  coal 
per  square  foot  of  grate  per  hour.  With  few*  exceptions  the  cinders  in- 
crease in  amount  with  every  increase  in  the  rate  of  combustion.  Fig.  13 
shows  the  relation  between  cinder  loss  in  per  cent  of  the  dry  coal  fired 
and  the  rate  of  combustion.  The  cinder  losses  have  been  expressed  as 
percentages  of  the  dry  coal  rather  than  of  the  coal  as  fired,  because  of 
the  accidental  variations  in  the  moisture  content  of  the  latter.  For  this 
reason  the  amounts  of  dry  coal  fired  have  seemed  here  as  elsewhere  to 
offer  the  more  logical  basis  for  computation.  If  the  cinder  losses  had 
been  based  upon  moist  instead  of  dry  coal  they  would  have  been  de- 
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Fig.  12.    The  Eelation  Between  Hourly  Cinder  Discharge  and 
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Fig.  13.     The  Eelation  Between  Cinder  Discharge  and  Eate  of 

Combustion. 
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fined,  of  course,  by  smaller  percentages.  So  based,  the  cinder  losses  in 
this  series  varied  between  3.1  and  23.6  per  cent. 

In  service  the  dry  coal  fired  per  square  foot  of  grate  per  hour  prob- 
ably would  rarely  exceed  120  pounds.  At  this  rate  of  combustion 
Fig.  13  indicates  a  cinder  loss  of  about  16  per  cent.  On  the  road, 
therefore,  except  during  rare  and  short  intervals,  the  cinder  discharge 
for  this  locomotive  would  probably  range  between  3  and  16  per  cent 
of  the  weight  of  the  dry  coal  fired,  when  using  coal  similar  to  that  used 
during  these  tests. 

The  immediate  cause  of  the  cinder  discharge  is  of  course  the  in- 
tense draft  which  is  essential  in  locomotive  boiler  operation.  The  rela- 
tion of  the  cinder  loss  to  draft  is  shown  in  Fig.  14  in  which  the  ordi- 
nates  represent  cinder  discharge  in  percentages  of  the  dry  coal,  and 
the  abscissae  the  draft  in  the  front-end  in  front  of  the  diaphragm. 
Fig.  14  shows  the  cinder  discharge  to  have  been  almost  directly  pro- 
portional to  draft. 

The  heating  value  of  the  cinders  varied  greatly,  depending  on  the 
speed  of  their  transit  through  the  furnace  and  boiler.  This  speed  is 
obviously  influenced  largely  by  the  draft,  which  in  turn  determines 
also  the  rate  of  combustion.  The  increase  in  the  heating  value  of  the 
cinders  as  the  rate  of  combustion  increases  is  shown  in  Fig.  15,  in 
which  the  ordinates  represent  the  heating  value  of  the  cinders  ex- 
pressed as  percentages  of  the  B.t.u.  contained  in  the  dry  coal,  and 
the  abscissae  represent  the  rates  of  combustion.  In  test  2081  with  the 
lowest  rate  of  combustion  and  the  smallest  cinder  loss,  the  calorific 
value  of  the  cinders  was  only  44.9  per  cent  of  the  calorific  value  of  the 
dry  coal.  In  test  2089  with  the  highest  rate  of  combustion  and  next 
to  the  greatest  cinder  discharge,  the  calorific  value  of  the  cinders  was 
92  per  cent  of  that  of  the  dry  coal,  the  cinders  in  this  case  having 
passed  through  the  boiler  practically  unburnt. 

20.  Heat  Balances.- — The  heat  balances  for  the  tests  of  Series  2 
are  presented  in  Table  5,  in  which  the  various  items  of  the  balance 
are  expressed  in  percentages  of  the  heating  value  of  -the  coal  in  the 
condition  in  which  it  was  fired.  The  tests  are  arranged  in  the  table 
in  the  order  of  the  increasing  amounts  of  equivalent  evaporation  per 
square  foot  of  heating  surface  per  hour. 
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Fig.  14.     The  Eelation  Between  Cinder  Discharge  and  Draft. 
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The  Relation  Between  the  Heating  Value  of  the  Cinders 
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SPEED— MIXES  PER  HOUR 


Fig.  16.     The  Relation  Between  Steam  Consumption  and  Speed,  at 
Various  Cut-offs. 
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B.     Engine  Performance. 

Tables  6  and  7  present  information  relating  to  the  general  condi- 
tions and  the  more  important  results  concerning  engine  and  general 
performance  for  all  tests  of  Series  2.  These  data  are  arranged  in 
groups  with  reference  to  the  speed  of  the  locomotive  and,  within  each 
group,  are  arranged  with  reference  to  the  indicated  horse  power  de- 
veloped, the  first  test  in  each  group  giving  the  lowest  horse  power  de- 
veloped at  the  group  speed.  Appendix  4  contains  data  and  results  for 
all  tests  including  information  concerning  cylinder  performance  as 
shown  by  average  values  taken  from  indicator  diagrams.  Fig.  56  and 
57,  there  included,  show  representative  indicator  diagrams. 

The  nominal  speeds  at  which  the  locomotive  was  operated  were  10, 
20,  30,  and  40  miles  per  hour,  and  the  data  indicate  that  the  actual 
speeds  obtained  closely  approximated  these  figures.  The  nominal  cut- 
offs at  which  the  locomotive  was  operated  were  16,  24,  32,  40,  48,  and 
56  per  cent  of  the  stroke.  The  actual  cut-offs,  as  determined  from  the 
indicator  cards,  do  not  vary  greatly  from  the  nominal  cut-offs.  All 
tests  at  a  given  nominal  cut-off  were  made  with  the  reverse  lever  in 
the  same  notch  of  the  reverse-lever  quadrant.  In  the  discussion  which 
follows  relative  to  engine  and  general  performance,  speed  and  cut-off 
are  referred  to  in  terms  of  the  nominal  values.  All  points  plotted 
upon  the  figures  are,  however,  located  with  regard  to  the  actual  speed 
and  cut-off  as  determined  from  test  data. 

The  data  in  general  indicate  uniform  conditions  in  those  particu- 
lars in  which  uniformity  was  sought.  Test  conditions  as  to  nominal 
speed  and  nominal  cut-off  were  duplicated  in  six  cases.  Such  dupli- 
cated tests  show,  in  general,  satisfactory  agreement  as  regards  both 
test  conditions  and  derived  results. 

21.  Dry  Steam  per  Indicated  Horse  Power  Hour  and  per  Drawbar 
Horse  Power  Hour. — Fig.  16  and  17  present  the  relation  between  dry 
steam  per  indicated  horse  power  hour  and  speed.  In  Fig.  16  this  rela- 
tion has  been  shown  with  a  separate  water-rate  scale  for  each  group  of 
tests  at  a  given  cut-off.  In  Fig.  17  the  same  curves  have  been  referred 
to  a  single  water-rate  scale  in  order  that  the  curves  may  be  compared 
more  readily.  No  curve  is  drawn  for  56  per  cent  cut-off,  since  only 
one  test  was  made  at  that  cut-off. 

The  minimum  water-rate  was  27.17  pounds  of  dry  steam,  and  oc- 
curred in  test  2074  at  a  speed  of  30  miles  per  hour  and  32  per  cent 
cut-off.  The  maximum  water  rate  was  31.53  pounds  of  dry  steam,  and 
occurred  in  test  2081  at  a  speed  of  10  miles  per  hour  and  24  per  cent 
cut-off.     The  difference  between  the  minimum  and  maximum  water- 
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Fig.  17.     The  Relation  Between  Steam  Consumption  and  Speed,  at 
Various  Cut-offs. 
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Fig.  18.     The  Relation  Between  Steam  Consumption  and  Cut-off, 
at  Various  Speeds. 
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rates  for  all  tests  was  only  4.36  pounds  of  dry  steam.  The  correspond- 
ing differences  between  minimum  and  maximum  rates  at  a  given  cut- 
off are  in  general  much  smaller. 

A  decrease  in  steam  consumption  per  indicated  horse  power  per 
hour  as  speed  increases  is  shown  until  the  speed  has  become  from  20  to 
30  miles  per  hour.  Further  increase  of  speed  is  then  accompanied  by 
increased  steam  consumption,  as  shown  by  all  curves  with  the  excep- 
tion of  that  for  tests  at  16  per  cent  cut-off.  The  tests  at  both  short  and 
long  cut-off  show  comparatively  high  water-rates.  The  best  perform- 
ance is  shown  by  the  curve  for  tests  at  32  per  cent  cut-off.  The  tests 
at  40  per  cent  cut-off  show  rather  better  performance  for  freight  ser- 
vice conditions  than  those  made  at  24  per  cent  cut-off. 

Fig.  18  presents  curves  showing  the  dry  steam  consumed  per  indi- 
cated horse  power  per  hour  in  its  relation  to  cut-off.  A  curve  is  shown 
for  each  of  the  four  nominal  speeds  at  which  tests  were  made — 10,  20, 
30,  and  40  miles  per  hour.  The  tests  made  at  10  and  at  40  miles  per 
hour  show  much  higher  water-rates  than  do  the  tests  made  at  20  and 
30  miles  per  hour.  This  is  particularly  true  for  cut-offs  between  20 
and  50  per  cent.  At  short  cut-off  the  40  miles  per  hour  curve  shows 
a  lower  water-rate  than  the  20  and  30  miles  per  hour  curves.  At  long 
cut-off  the  10  miles  per  hour  curve  appears  likewise  to  show  a  lower 
water-rate  than  the  20  and  30  miles  per  hour  curves. 

Except  during  short  periods  at  starting  and  on  heavy  grades,  the 
speed  of  this  locomotive  in  service  would  probably  vary  between  about 
15  and  35  miles  per  hour,  and  the  cut-off  would  range  from  say  50  to 
20  per  cent.  Under  these  conditions  of  speed  and  cut-off  the  steam 
consumption  varies  between  approximately  27  and  29  pounds  of  steam 
per  indicated  EV,l3e  power  per  hour.  It  is  probable  that  this  range 
fairly  j  general  average  water  rate  for  a  very  consider- 

able numi  weight  locomotives  in  service. 

22.  Indicated  Horse  Power  and  Drawbar  Horse  Power. — Fig.  19 
presents  indicated  horse  power  in  its  relation  to  speed,  each  curve  of 
the  figure  representing  all  of  the  tests  made  at  a  particular  nominal 
cut-off.  In  addition  to  the  relationship  just  mentioned  this  figure 
shows  clearly  the  range  of  the  tests  as  to  speed,  cut-off,  and  load.  It 
further  shows  the  range  covered  within  each  group  of  tests  when  the 
tests  are  grouped  either  according  to  constant  speed  or  to  constant  cut- 
off. The  six  different  conditions  of  speed  and  cut-off  at  which  dupli- 
cate tests  were  made  are  evident,  and  the  proximity  of  the  two  points 
representing  each  pair  of  such  tests  indicates  the  uniformity  obtained 
as  to  speed  and  indicated  horse  power  developed. 
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SPEED— MILES    PER   HOUR 

Fig.  19.     The  Relation'  Between  Indicated  Horse  Power  and  Speed 
at  Various  Cutoffs. 


SPEED — MILES    PER    HOUR 

Fig.  20.     The  Relation  Between  Drawbar  Horse  Power  and  Speed, 
at  Various  Cut-offs. 
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The  maximum  indicated  horse  power  was  developed  in  test  2093  at 
a  speed  of  30  miles  per  hour  and  at  48  per  cent  cut-off.  The  average 
rate  of  working  for  this  test  was  1633.5  indicated  horse  power.  The 
lowest  rate  of  working  was  for  test  2081,  being  450.5  indicated  horse 
power  while  running  at  10  miles  per  hour  with  24  per  cent  cut-off. 
The  dry  steam  supplied  to  the  engines  per  hour  when  developing 
1633.5  indicated  horse  power  was  48  387  pounds.  The  moist  steam  de- 
livered to  the  engines  for  the  same  test  was  48  812  pounds  per  hour. 

The  relations  between  the  horse  power  developed  at  the  locomotive 
drawbar  and  the  speed  are  shown  in  Fig.  20,  in  which  each  of  the 
curves  presents  this  relation  for  a  particular  cut-off.  The  maximum 
rate  of  1431.6  drawbar  horse  power  and  the  minimum  rate  of  386.0 
drawbar  horse  power  were  developed  during  tests  2093  and  2086  re- 
spectively, the  former  test  being  at  30  miles  per  hour  and  48  per  cent 
cut-off,  and  the  latter  at  10  miles  per  hour  and  24  per  cent  cut-off. 
Owing  to  incomplete  dynamometer  records  for  tests  2081  no  record 
is  available  for  the  drawbar  horse  power  developed  for  this  test.  Tests 
2081  and  2086  were  made  under  similar  conditions  of  speed  and 
cut-off. 

The  plotted  points  and  curves  of  Fig.  19  and  20  show  the  engines 
to  have  been  tested  throughout  a  range  of  speed,  cut-off,  and  loai 
which  would  cover  all  ordinary  service  conditions  above  a  speed  of  10 
miles  per  hour. 

23.  Machine  Friction. — The  diagrams  in  Fig.  21  present  informa- 
tion concerning  machine  friction  and  its  relation  to  indicated  horse 
power  for  speeds  of  10,  20,  30,  and  40  miles  'per  hour.  Upon  each 
diagram  is  shown  the  relation  between  the  indicated  horse  power  de- 
veloped and  machine  friction  expressed  in  horse  power  and  also  the 
relation  between  the  indicated  horse  power  developed  and  machine 
friction  expressed  in  per  cent  of  indicated  horse  power.  Obviously  the 
ordinates  of  each  pair  of  curves  in  this  figure  bear  to  each  other  a  defi- 
nite numerical  relation,  and  the  curves  have  been  so  drawn  that  they 
satisfy  this  relation  and  also  fairly  represent  the  plotted  values  for 
the  individual  tests. 

The  range  in  machine  friction  is,  for  the  entire  series,  from  70  to 
242.7  horse  power.  These  values  were'  obtained  in  tests  2086  and  2082 
during  which  456.0  and  1457.3  indicated  horse  power  respectively  were 
developed.  Test  2086  was  at  10  miles  per  hour  and  24  per  cent  cut- 
off, and  test  2082  was  at  30  miles  per  hour  and  40  per  cent  cut-off. 
Expressed  as  percent  of  the  indicated  horse  power  developed,  the  mini- 
mum machine  friction  was  10.2  per  cent  and  occurred  in  test  2072 ; 
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Fig.  22. 


The  Relation  Between  Machine  Friction  and  Indicated 
Horse  Power,  at  Various  Speeds. 
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The  Relation   Between  Machine  Friction  Power   and 
Indicated  Horse  Power,  at  Various  Speeds. 
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the  maximum  was  21.9  per  cent  and  occurred  in  test  2087.  The  for- 
mer test  was  at  20  miles  per  hour  and  40  per  cent  cut-off,  developing 
1233.8  indicated  horse  power,  and  the  latter  test  at  20  miles  per  hour 
and  16  per  cent  cut-off,  developing  560.3  indicated  horse  power. 

While  the  curves  differ  more  or  less  for  different  speeds,  they  all 
show  the  machine  friction  horse  power  to  increase  with  increasing  in- 
dicated horse  power.  In  general,  the  ratio  of  machine  friction  horse 
power  to  indicated  horse  power  decreases  with  increasing  load.  The 
rate  of  decrease  of  this  ratio  appears  to  be  quite  rapid  for  loads  under 
1000  horse  power,  but  at  greater  loads  the  ratio  becomes  fairly  con- 
stant for  a  given  speed  and  ranges  from  10  per  cent  to  15  per  cent 
for  the  different  speeds. 

Fig.  22  presents  upon  a  single  diagram  the  four  curves  showing 
the  relation  between  the  machine  friction  in  percentage  of  indicated 
horse  power  and  the  indicated  horse  power,  which  are  included  in 
Fig.  21.  The  curves  so  grouped  indicate  that  as  the  speed  increased, 
the  percentage  of  power  which  was  absorbed  by  machine  friction  also 
increased. 

Fig.  23  likewise  presents  upon  a  single  diagram  the  four  curves 
showing  the  relation  between  machine  friction  and  indicated  horse 
power,  the  machine  friction  being  expressed  in  terms  of  horse  power. 
A  general  increase  in  machine  friction  both  with  increase  of  speed  and 
with  increase  of  indicated  horse  power  is  shown.  The  curves  of  Fig. 
23,  taken  as  a  whole,  show  a  tendency  for  the  machine  friction  horse 
power  to  be  fairly  constant  at  a  given  speed  or  to  increase  rather  slowly 
as  the  load  increases  up  to  about  1000  horse  power.  With  loads  greater 
than  1000  to  1200  horse  power,  the  increase  in  machine  friction  is 
more  rapid. 

Fig.  24,  25,  and  26  again  present  machine  friction  in  its  relation 
to  indicated  horse  power.  In  these  figures  however  each  curve  repre- 
sents the  data  for  all  tests  at  a  given  nominal  cut-off,  instead  of  at  a 
given  speed  as  in  the  three  preceding  diagrams.  The  curves  have  been 
located  and  are  presented  in  a  manner  similar  to  that  used  in  connec- 
tion with  Fig.  21,  22,  and  23. 

These  curves  indicate  that  for  a  given  cut-off  machine  friction  horse 
power  increased  with  the  load,  and  at  a  rate  approximately  propor- 
tional to  the  increase  of  the  load.  The  curves  further  indicate  that, 
within  the  range  of  the  tests,  machine  friction  horse  power  increased 
with  decreasing  cut-off  when  the  load  remained  constant.  The  per  cent 
of  indicated  horse  power  absorbed  in  machine  friction  increased  rap- 


::- 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


c 
c 

SI 

5 

i 

a 

D 

' 

\. 

^ 

9 

V 

V 

> 

V 

c 

:> 

s 

\ 

f 

SL 

D.' 
I 

\ 

- 

o 

{• 

c 

c 

3 

^ 

\  . 

• 

'< 

rv 

c 

5 

b. 
b. 

0 

H 
3 
U 

04 

h. 
U. 
0 

H 
3 
(J 

N? 
OS 

o 

\ 

5 

\ 

\ 

. 

\ 

o 
-©- 

00 

> 

, 

•/« 

A 

"1  < 

-m 

c 
-©- 

SO 

vO 

a' 
i 

o 

■ 

c 

3 

a' 

i 

0 

£ 

u. 

L. 

0 

D 
U 

ID 

\ 

\ 

c 

** 

^ 

y 

-) 

t 

V 

t 

1 

s 

i 

rw 

i 

v» 

\ 

A 

c 

f 

3 

< 

4 

. 

o 

o 

L. 
0 

D 
U 

ox 
<0 

\ 

Ik 

b. 

0 

1- 
3 
U 

(M 
<•> 

L 

o 

-  a: 

-  i 

\ 

\ 

# 

j 

1  > 

; 

\ 

< 

k 

i 

> 

L 

a 

5 

/ 

V 

D 

« 

/ 

0 

\ 

0 

a' 

i 

/ 

> 

/ 

> 

, 

i 

I 

V 

/ 

V 

i 

/ 

\ 

5 
o 

/ 

\ 

k 

* 

0 

© 

00 

^o 

"* 

r* 

O 

00 

\0 

C4 

O 

00 

vO 

-<* 

<N 

o 

00 

-£i_ 

© 

© 

o 

00 

© 

SO 

o 

© 

o 
o 

I— 1 

o 

00 

o 

o 

©' 

_LL- 

o 

o 

00 

vO 

o 

o 

o 

o 

o 

00 

aaM0<I  3SH0H 

aaivoiaNi  jo  aoviNaoaaa  qnv  aaMoa:  asaoH— tfonoiaj  3nihovw 


LABORATORY  TESTS  OP  A  CONSOLIDATION  LOCOMOTIVE 


39 


Ph 
O 

W 

S* 

^S 

wo 

Oh 

"8 

|tf 
i° 

ow 

oH 

M 

«Q 


1    I 

T-> 

16% 

\ 

20 

\ 

\ 

18 

\ 

24% 

4  0%  CUT-OFF 

16 

14 

32% 

4  8%    CUT-OFF 

12 

10 

8 

6 

4 

2 

| 

. 

-1 

1 

1 

ouu 

indicated  horse  power 

Fig.  25.     The  Eelation  Between  Machine  Friction  and  Indicated 
Horse  Power,  at  Various  Cut-offs. 
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Fig.  26.     The  Eelation  Between  Machine  Friction  Power  and 
Indicated  Horse  Power,  at  Various  Cut-offs. 
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idly  with  decreasing  cut-off  at  constant  load,  and  increased  but  slightly 
with  increasing  load  at  constant  cut-off. 

The  locomotive  tested  carried  100.45  tons  upon  the  drivers.  The 
following  table  presents  machine  friction  in  terms  of  tractive  force  in 
pounds  per  ton  upon  drivers.  The  values  given  in  the  table  were  cal- 
culated from  the  curves  of  Fig.  23,  making  use  of  the  minimum,  maxi- 
mum, and  average  values  for  machine  friction  horse  power  as  shown 
by  the  various  curves.  In  making  these  calculations  nominal  speed 
was  employed. 

Table  8. 
Machine  Friction. — Series  2. 


Speed  in 

Miles  per 

Hour 

Machine  Friction  Expressed  as  Tractive 
Force    in    Pounds    per    Ton    of    Weight 
upon  Drivers. 

Minimum 

Average 

Maximum 

10 

20 
30 
40 

25 
23 
19 
12 

31 
25 
20 
17 

34 
31 
26 
22 

Averages 

20 

23 

28 

For  the  locomotive  tested  the  values  given  in  Table  8  show  20  to 
23  pounds  tractive  force  per  ton  of  weight  on  drivers  to  be  values 
fairly  representative  of  machine  friction  for  practically  all  speeds 
when  the  load  does  not  exceed  1000  to  1200  indicated  horse  power.  For 
conditions  of  low  speed,  however,  and  for  all  speeds  where  the  indi- 
cated horse  power  is  comparatively  high  and  the  maximum  tractive 
effort  is  approached,  the  machine  friction  is  materially  greater,  as 
shown  by  the  values  given  in  the  table  for  the  speed  of  10  miles  per 
hour,  and  by  the  maximum  values,  which  vary  from  22  to  34  lb.  per 
ton  of  weight  upon  the  drivers. 

Fig.  27  and  28  present  machine  friction  in  its  relation  to  speed  in 
miles  per  hour.  A  curve  is  drawn  for  each  nominal  cut-off.  The  val- 
ues presented  are  the  same  as  have  been  shown  in  preceding  curves 
concerning  machine  friction,  and  some  of  the  relations  already  con- 
sidered in  connection  with  Fig.  21  to  26  may  be  seen  in  Fig.  27  and 
28.  While  the  curves  of  Fig.  27  and  28  exhibit  considerable  lack  of 
uniformity,  the  former  figure  shows  machine  friction  horse  power  to 
increase  more  or  less  uniformly  with  increasing  speed  for  all  cut-offs ; 
and  Fig.  28  indicates  that  at  constant  speed  the  ratio  of  machine  fric- 
tion horse  power  to  indicated  horse  power  decreases  as  the  cut-off  in- 
creases, and  that  for  any  given  cut-off  this  ratio  is  fairly  constant 
throughout  the  range  of  speed  shown. 
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Fiq.  28.     The  Relation  Between  Machine  Friction  and  Speed,  at 
Various  Cut-offs. 
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The  facts  here  presented  seem  to  warrant  the  conclusions  that,  for 
this  locomotive,  the  percentage  of  indicated  horse  power  absorbed  by 
the  friction  of  the  machinery  varies  rather  definitely  with  respect  to 
speed,  to  cut-off,  and  to  load ;  and  that  this  machine  friction  entails  a 
loss  in  tractive  force  between  the  cylinders  and  the  locomotive  draw- 
bar which  varies  from  about  15  to  about  30  pounds  for  each  ton  of 
weight  carried  on  the  driving  wheels. 

C.    General  Performance. 

24.  Coal  Consumption  per  Indicated  Horse  Power  Hour  and  per 
Drawbar  Horse  Power  Hour. — The  curves  of  Fig.  29  show  the  relation 
between  speed  and  the  amount  of  dry  coal  consumed  per  indicated 
horse  power  per  hour.  Each  of  the  curves  there  drawn  applies  to  a 
particular  cut-off.  In  a  similar  manner  the  relation  between  speed 
and  the  dry  coal  consumed  per  drawbar  horse  power  per  hour  is  pre- 
sented in  Fig.  30. 

The  most  economical  performance  was  obtained  in  test  2075,  made 
at  a  speed  of  10  miles  per  hour  and  at  32  per  cent  cut-off.  During 
this  test  4.00  pounds  and  4.62  pounds  of  dry  coal  per  indicated  horse 
power  hour  and  per  drawbar  horse  power  hour  respectively  were  used. 
The  highest  coal  rate  occurred  in  test  2089,  made  at  a  speed  of  40 
miles  per  hour  and  at  40  per  cent  cut-off,  during  which  7.10  pounds 
and  8.38  pounds  of  diy  coal  per  indicated  horse  power  hour  and  per 
drawbar  horse  power  hour  respectively  were  used.  Both  figures  show 
a  more  rapid  increase  in  coal  consumption  with  increase  of  speed  at 
long  cut-off  than  with  increase  of  speed  at  short  cut-off.  This  is  in 
conformity  with  the  results  presented  in  Fig.  19  where  the  relation 
between  indicated  horse  power  and  speed  is  shown.  The  curves  of 
Fig.  29  and  30  show  that  the  economy  was  fairly  constant,  or  in- 
creased slowly  as  speed  was  increased  from  10  to  20  miles  per  hour. 
Tests  at  24  per  cent  cut-off  show  an  economy  apparently  better  at  15 
to  20  miles  per  hour  than  at  10  miles  per  hour.  As  speed  increased 
above  20  miles  per  hour  the  coal  consumption  increased  more  rapidly 
than  at  lower  speeds,  with  the  exception  of  the  tests  made  at  16  per 
cent  cut-off. 

25.  General  Efficiency. — By  general  efficiency  is  meant,  in  this 
connection,  the  ratio  of  the  heat  equivalent  of  the  work  done  at  the 
locomotive  drawbar  to  the  heat  content  of  the  coal.  This  ratio  is  a 
measure  of  the  economic  performance  of  the  locomotive  as  a  whole. 
General  efficiency  and  its  relation  to  speed  are  shown  in  Fig.  31,  in 
which  a  separate  curve  is  presented  for  each  nominal  cut-off. 
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Fig.  29.     The   Belation   Between   Coal   Consumed    per   Indicated 
Horse  Bower  Hour  and  Speed,  at  Various  Cut-offs. 
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The  maximum  efficiency  obtained  was  4.44  per  cent,  and  occurred 
in  test  2095  which  was  made  at  a  speed  of  10  miles  per  hour  with  48 
per  cent  cut-off,  while  developing  804.9  indicated  horse  power.  The 
minimum  efficiency  obtained  was  2.46  per  cent,  and  occurred  in  test 
2089  made  at  a  speed  of  40  miles  per  hour  with  40  per  cent  cut-off, 
while  developing  1559.9  indicated  horse  power.  This  group  of  curves 
shows  substantially  the  same  relations  as  were  shown  by  Fig.  29  and 
30  which  presented  coal  consumption  per  indicated  horse  power  hour 
and  drawbar  horse  power  hour.  Collectively  the  curves  indicate  a 
fairly  constant  efficiency  of  about  4  per  cent,  for  speeds  from  10  to  20 
miles  per  hour.  As  the  speed  increases  above  20  miles  per  hour  the 
efficiency  decreases  from  about  4  per  cent  to  about  3  per  cent. 


— 

_ 

5 

16%  CUT-OFF 

~^ 

*^t~ 

— - 

4  — 

"  '     -'f* 

=  -. 

-€► 

Via 

- 

24%  CUT-OFF 

«.N 

K 

3 

^c 

^ 

h» 

"* 

^8% 

-j~ 

3  2%  CUT-OFF 

fi 

1     1     1     1     1     1     1 

„ 

11  1!  1  II 

40%  CUT-OFF 

5 

10- 

\A2 

0 

21 

- 

JO 

je 

_4<i 

jC 

speed — miles  per  hour 

Fig.  31.     The  Relation  Between  General  Efficiency  and  Speed,  at 
Various  Cut-offs. 


VII.     The  Results  of  the  Tests  of  Series  I. 

Series  1  comprises  tests  2009  to  2037  inclusive.  The  conditions 
which  prevailed  during  the  tests  of  this  series  have  been  set  forth  in 
sections  IV  and  V,  and  the  differences  in  the  condition  of  the  loco- 
motive during  Series  1  as  compared  with  Series  2  are  stated  in  section 
II  and  in  Appendix  1.  It  is  sufficient  here  to  recall  the  fact  that  dur- 
ing Series  1  the  locomotive  was  in  the  condition  in  which  it  was  deliv- 
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cred  to  the  laboratory.  The  repairs  made  between  Series  1  and  2  did 
not  prove  to  have  affected  radically  the  performance  of  the  locomotive, 
and  most  of  the  relations  presented  in  the  preceding  section  relating 
to  Series  2  remain  substantially  the  same  for  Series  1.  For  these  rea- 
sons it  has  seemed  unnecessary  to  present  the  results  for  Series  1  in 
very  great  detail.  All  the  results  are  given  in  Appendix  4 ;  but  only 
the  more  important  measures  of  performance  are  here  included  and 

discussed. 

D.     Boiler  Performance. 

26.  The  Range  of  Performance. — The  more  significant  data  and 
results  pertaining  to  the  performance  of  the  boiler  during  Series  1  are 
given  in  Table  9,  in  which  the  tests  are  arranged  in  the  order  of  the 
increasing  amounts  of  dry  coal  fired  per  hour.  In  order  to  exhibit 
the  range  of  the  boiler  performance,  the  minimum  and  maximum  val- 
ues of  the  main  data  and  results  are  assembled  in  the  table  immedi 
ately  following.  As  in  all  the  tables,  the  quantities  cited  are  the  aver- 
age values  prevailing  during  the  tests. 

Minimum      Maximum 

Duration  of  test,  minutes , 40  180 

Boiler  pressure,  lb.  per  sq.  in 189.9  198.1 

Feed  water  temperature,  deg.  F 57.7  72.2 

Quality  of  the  steam  in  the  dome 0.9833  0.9956 

Calorific  value  of  coal  as  fired,  B.t.u 9929  11  376 

Calorific  value  of  dry  coal,  B.t.u 11  835  12  757 

Ash  content  of  coal  as  fired — per  cent 10.68  14.27 

Draft  in  front  of  diaphragm,  inches  of  water  2.2  10.7 

Firebox  temperature,  deg.  F 1552  2081 

Front-end  temperature,   deg.   F 494  761 

Dry  coal  fired  per  test,  lb 3568  10031 

Dry  coal  fired  per  hour,  lb 1814  7767 

Dry  coal  fired  per  hour  per  square  foot  of 

grate,  lb 36.6  156.8 

Equivalent  evaporation  per  hour,  lb 16  934  46  380 

Equivalent  evaporation  per  hour  per  square 

foot  of  heating  surface,  lb 5.16  14.13 

Total  cinder  loss,  per  hour,  lb 66  1509 

Total  cinder  loss,  per  cent  of  dry  coal 3.4  20.8 

27.  Economic  Performance. — In  Series  1  the  equivalent  evapora- 
tion per  pound  of  dry  coal  ranged  from  a  minimum  of  5.97  pounds  to 
a  maximum  of  10.07  pounds.    This  latter  value,  applying  to  test  2024, 
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is  however  so  divergent  from  the  other  values  for  similar  rates  of  com- 
bustion as  to  raise  doubt  of  its  validity,  although  errors  can  not  be 
found  in  the  data.  The  next  highest  evaporation  per  pound  of  dry 
coal  is  8.96  pounds.  The  rate  of  decrease  in  the  evaporation  per  pound 
of  coal  with  respect  to  increase  in  rate  of  combustion  is  shown  in  Fig. 
32.  The  rate  of  this  decrease  with  respect  to  increase  in  rate  of  evap- 
oration is  shown  in  Fig.  33.  These  two  figures  are  comparable  with 
Fig.  8  and  9  of  Series  2. 

28.  Boiler  Efficiency. — As  previously  explained,  efficiency  in  this 
connection  means  the  ratio  of  the  heat  absorbed  by  the  steam  gen- 
erated, to  the  heat  contained  in  the  coal  as  it  was  fired.  If,  for  the 
reason  above  suggested,  we  exclude  test  2024,  the  highest  efficiency 
obtained  during  Series  1  was  69.88  per  cent,  which  occurred  during 
test  2017  with  a  rate  of  combustion  of  39.5  pounds  of  dry  coal  per 
square  foot  of  grate  per  hour.  The  lowest  efficiency,  48.95  per  cent, 
prevailed  during  test  2034  in  which  the  rate  of  combustion  was  156.8 
pounds  of  dry  coal  per  square  foot  of  grate  per  hour.  The  relation 
between  efficiency  and  rate  of  combustion  is  shown  in  Fig.  34. 
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Fig.  32.     The  Eelation  Between  Evaporation  ier  Pound  of  Coal 
and  Rate  of  Combustion. 
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Fig.  34.     The  Eelation  Between  Boiler  Efficiency  and  Bate  of 

Combustion. 
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E.     Engine  Performance  and  General  Performance. 

The  more  important  data  and  results  pertaining  to  the  perform- 
ance of  the  engines  and  to  the  general  performance  of  the  locomotive 
during  Series  1  are  assembled  in  Table  10.  The  remaining  data  and 
results  appear  in  Appendix  4.  In  the  table  all  tests  run  at  like  speed 
are  grouped  and,  within  these  groups,  the  tests  are  arranged  in  the 
order  of  the  values  of  cut-off.  The  tests  of  Series  1  were  made  at 
speeds  varying  from  10  to  35  miles  per  hour,  and  at  cut-offs  of  16,  20, 
24,  32,  40,  and  48  per  cent.  Only  one  test  however  was  made  at  20  per 
cent  cut-off  and  one  at  48  per  cent  cut-off,  and  these  are  omitted  from 
the  figures  here  included. 

29.  Dry  Steam  per  Indicated  Horse  Power  Hour. — In  Fig.  35  is 
shown  the  relation  between  steam  consumption  and  speed  for  each  of 
the  four  cut-offs.  The  curves  here  drawn  show  the  minimum  steam 
consumption  to  have  occurred  in  each  case  at  a  speed  of  from  20  to  25 
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miles  per  hour.  The  best  performance  was  obtained  during  the  tests 
made  at  32  per  cent  cut-off.  The  minimum  steam  consumption  was 
27.51  pounds  of  dry  steam  per  indicated  horse  power  per  hour,  and  the 
maximum  35.18  pounds.  The  difference  between  these  quantities,  7.67 
pounds,  represents  a  comparatively  small  variation  in  water  rate,  con- 
sidering the  variety  and  range  of  the  test  conditions.  Fig.  35  is  com- 
parable with  Fig.  17,  and  a  comparison  of  these  figures  shows  the 
steam  consumption  during  Series  1  to  have  been  considerably  greater 
than  in  Series  2,  at  all  cut-offs. 

30.  Indicated  Horse  Power. — The  relation  of  indicated  horse 
power  to  speed  is  shown  in  Fig.  36,  in  which  each  of  the  curves  repre- 
sents all  the  tests  made  at  a  particular  cut-off.  This  figure  shows  also 
the  range  of  the  test  conditions  for  Series  1 .  The  maximum  load,  1278 
indicated  horse  power,  was  developed  during  test  2037  when  the  speed 
was  30  miles  per  hour  and  the  cut-off  40  per  cent.  The  minimum  aver- 
age load,  428  indicated  horse  power,  occurred  in  test  2017  at  a  speed 
of  15  miles  per  hour  and  16  per  cent  cut-off.  The  work  performed  at 
the  locomotive  drawbar  varied  from  346  to  1071  horse  power. 
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Fig.  36.     The  Kelation  Between  Indicated  Horse  Power  and  Speed, 
at  Various  Cut-offs. 
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31.  Machine  Friction. — Machine  friction  horse  power  during  Ser- 
ies 1  and  its  relation  to  speed  are  shown  in  Fig.  37.  This  figure  indi- 
cates also  the  influence  of  cut-off  on  machine  friction,  and  is  compar- 
able with  Fig.  27  which  presents  the  same  relations  for  Series  2. 

An  analysis  of  machine  friction  similar  to  that  developed  in  sec- 
tion VI  for  Series  2  has  been  made  for  Series  1,  although  the  figures 
are  not  here  included.  This  analysis  shows  that  during  Series  1  the 
machine  friction  was  somewhat  greater  than  during  Series  2 — a  result 
which  was  expected,  in  view  of  the  work  done  upon  the  machinery 
between  these  two  groups  of  tests.  This  analysis  indicates  also  that  for 
constant  cut-off  the  machine  friction  increased  more  rapidly  with  in- 
creasing load  during  Series  1  than  during  Series  2.  With  these  two 
exceptions,  the  relations  shown  in  the  discussion  of  machine  friction 
for  Series  2,  and  the  conclusions  there  drawn,  remain  substantially 
the  same  for  Series  1. 

32.  Coal  Consumption  per  Indicated  Horse  Power. — The  dry  coal 
consumed  per  indicated  horse  power  per  hour,  and  the  relation  of  this 
coal  consumption  to  speed  are  shown  in  the  curves  of  Fig.  38.  The 
curves  shoAv  this  coal  rate  to  vary  in  general  between  4  and  6  pounds 
per  hour  for  the  range  of  conditions  which  prevailed  in  Series  1. 
Again  excluding  test  2024,  the  lowest  coal  rate,  4.18  pounds  per  hour, 
was  obtained  during  test  2019  at  15  miles  per  hour  and  32  per  cent 
cut-off.  The  highest  coal  rate,  6.07  pounds  per  hour,  was  obtained 
during  test  2034,  at  35  miles  per  hour  and  40  per  cent  cut-off.  Test 
2034  is  the  one  during  which  the  lowest  boiler  efficiency  prevailed. 

33.  General  Efficiency. — The  general  efficiency  of  the  locomotive 
and  the  relation  of  this  efficiency  to  speed  are  shown  in  Fig.  39,  which 
is  comparable  with  Fig.  31  of  Series  2.  The  greatest  efficiency  was 
4.38  per  cent,  and  the  lowest  2.63  per  cent.  This  is  practically  the 
same  range  in  efficiency  as  is  represented  in  Fig.  31. 

VIII.     Comparison  of  the  Results  of  Series  1  and  2. 

A  few  of  the  differences  in  the  performance  of  the  locomotive  dur- 
ing the  tests  of  Series  1  and  Series  2  have  already  been  referred  to 
incidentally  in  the  preceding  discussion.  It  is  the  purpose  to  discuss 
in  this  section  the  effects  on  the  general  performance  of  the  boiler  and 
engines  caused  by  the  repairs  and  changes  which  were  made  between 
these  two  groups  of  tests.  While  these  changes  are  elsewhere  enumer- 
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Fig.  37.     The  Relation  Between  Machine  Friction  Power  and 
Speed,  at  Various  Cut-offs. 
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ated,  it  will  be  convenient  to  have  restated  at  this  point  those  which 
might  have  affected  the  general  performance.    They  were: 

1.  The  nozzle  tip,  514  in.  in  diameter,  used  during  Series  1  was 
replaced  by  a  5%-in.  tip. 

2.  A  small  leak  in  one  of  the  branch-pipe  joints  was  stopped. 

3.  The  cylinders  and  valve  chambers  were  re-bored. 

4.  New  pistons  and  new  piston  rings  were  applied. 

5.  New  valve  bull-rings  and  valve  packing  rings  were  applied. 
b\     Lost  motion  in  the  eccentric  straps  was  taken  up. 

7.  The  valves  were  reset. 

8.  The  piston  rods  were  trued  and  the  rod  packing  renewed  on  both 
sides. 

9.  The  side-rod  bushings  were  renewed. 

10.     Three  new  driving-wheel  tires  wrere  applied. 


34.  Comparison  of  the  Boiler  Performa?ice. — Perhaps  the  best 
basis  for  a  comparison  of  the  boiler  performance  during  the  two  series 
is  to  be  found  in  the  curves  of  Fig.  8  and  32,  which  present  the  aver- 
age values  of  the  equivalent  evaporation  per  pound  of  dry  coal  per 
hour  for  Series  2  and  Series  1  respectively.  These  two  curves,  when 
plotted  on  the  same  diagram,  almost  coincide.  The  curve  for  Series  1 
lies  below  that  for  Series  2  by  an  amount  which  at  no  rate  of  combus- 


LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTUi: 


55 


tion  exceeds  one-fifth  of  a  pound  of  equivalent  evaporation  per  pound 
of  coal.  At  no  point  throughout  the  range  of  the  rate  of  combustion  is 
the  performance  of  the  boiler  in  Series  2  better  than  in  Series  1  by- 
more  than  3  per  cent.  A  comparison  of  boiler  efficiency  based  on  Fig. 
10  and  34  shows  an  even  closer  agreement  in  the  boiler  performance  of 
the  two  series.  Of  the  various  changes  cited  above  only  item  1,  the 
change  in  nozzle  tip,  could  have  affected  boiler  performance,  and  the 
facts  just  stated  seem  to  warrant  the  conclusion  that  this  had  no  sub- 
stantial effect  upon  the  general  performance  of  the  boiler  and  furnace. 
35.  Comparison  of  the  Cylinder  Performance. — Any  of  the  first 
seven  items  in  the  list  of  changes  given  might  conceivably  have 
affected  the  cylinder  performance.  The  steam  leak  referred  to  in  item 
2,  however,  was  proved  at  the  time  to  have  been  inconsiderable  in 
amount.  The  combined  effect  of  these  seven  items  should  be  disclosed 
by  a  comparison  of  the  steam  consumption  per  indicated  horse  power 
hour  for  all  tests  of  both  series  which  are  comparable  as  regards  speed 
and  cut-off.  The  values  of  steam  consumption  for  such  tests  are 
brought  together  in  the  following  table.  In  four  instances  in  this  table 
a  pair  of  tests  from  Series  2  is  compared  with  a  single  test  from  Series 
1,  and  in  these  cases  the  water  rate  presented  for  Series  2  is  the  aver- 
age rate  for  the  pair. 


Table  11. 
Steam  Consumption  for  Comparable  Tests  of  Series  1  and  2. 


Speed, 
m.  p.  h. 

Cut-off, 
per  cent 

Test  Numbers 

Steam  Consumption, 

lb.  per  i.  h.  p. 

hour 

Difference 

in   Steam 

Consumption, 

Percentage 

Series   1 

Series  2 

Series   1 

Series  2 

of   Consump- 
tion for 
Series  2. 

10 

24 
32 

2024 
2028 

2081 
2086 
2075 
2097 

34.74 
30.57 

31.35 
28.40 

10.8 
7.6 

20 

16 
24 
32 
40 

48 

2026 
2027 
2029 
2035 
2033 

2080 
2087 
2077 
2073 
2072 
2084 

31.67 
27.84 
27.51 
29.43 
27.83 
28.99 

27.84 
29.56 

30.76 
27.36 
27.20 
27.19 
28.69 

2.9 
1.8 
1.1 
8.2 
-3.0 

30 

24 

32 

40 

2030 

2032 
2037 

2078 
2074 
2092 
2082 

28.09 

27.25 
27.88 

Average    . 

3.2 

2.2 

6.0 

4.1 
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Except  for  the  two  tests  run  at  20  miles  per  hour  and  48  per  cent 
cut-off,  all  the  tests  of  Series  2  show  a  lower  steam  consumption  than 
the  corresponding  tests  of  Series  1.  The  differences  in  steam  consump- 
tion are  shown  in  the  last  column  of  the  table,  where  they  are  ex- 
pressed in  percentages  of  the  water  rate  for  Series  2.  With  the  one 
exception  cited,  the  improvement  in  water  rate  ranged  from  1.1  to 
10.8  per  cent  and  the  average  improvement  for  all  tests  amounted  to 
4.1  per  cent.  Neither  this  average  nor  the  range  is  very  great,  and 
these  facts  emphasize  the  statement  previously  made  that  all  the  re- 
pairs and  changes  were  such  as  would  have  been  regarded  as  unneces- 
sary under  ordinary  conditions,  and  that  they  were  resorted  to  only 
that  nothing  which  would  probably  improve  performance  should  be 
left  undone. 

In  the  data  for  tests  2090  and  2091  means  are  at  hand  for  roughly 
differentiating  the  effect  of  the  changes  in  nozzle  tip  from  the  effect  of 
the  other  changes.  It  will  be  recalled  that  during  these  two  tests  the 
conditions  were  identical  with  those  prevailing  during  the  tests  of  Ser- 
ies 2,  except  that  the  5%-in.  nozzle  tip  used  in  Series  2  was  replaced 
by  the  5^-in.  tip  which  had  been  used  in  Series  1.  A  comparison  of 
the  water  rates  for  these  two  tests  with  the  water  rates  for  the  com- 
parable tests  of  Series  2  is  exhibited  below. 


Table  12. 
Comparison  of  Water  Kate  with  5%-in.  Nozzle  Tip  and  514-nsr. 

Nozzle  Tip. 


Speed, 
m.  p.  h. 

Cut-off, 
per  cent 

Test    Numbers 

Steam  Consumption, 

lb.   per  i.  h.  p. 

hour 

Difference 

in   Steam 

Consumption, 

_            .  .     1  Tests  with 
Tests  with    !       5  7/8.in. 
5  V4,  -in.                 Tip> 
TlP              Series  2 

Tests  with 

5 14  -in- 

Tip 

Tests  with 
57/8 -in. 

Tip, 

Series   2 

27.36 

27.25 

Percentage 
of  Consump- 
tion for 
Series  2 

20 
30 

24 
32 

2090  2077 
2074 

2091  2092 

28.99 
29.10 

6.0 
6.8 

It  is  apparent  that  in  both  tests  2090  and  2091,  with  the  smaller 
nozzle  tip,  the  water  rate  was  higher  than  in  the  corresponding  tests 
of  Series  2  in  wThich  the  larger  tip  was  used.  The  average  difference 
based  on  the  tests  of  Series  2  is  6.4  per  cent.  In  view  of  the  range  in 
the  differences  in  water  rate  for  all  tests  of  the  two  series,  which  is 
exhibited  in  the  first  table  in  this  section,  it  is  doubtless  unsafe  to  draw 
too  sweeping  a  conclusion  from  a  showing  which  rests  on  a  comparison 
of  two  pairs  of  tests  only.     Since,  however,  the  average  difference  in 
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steam  consumption  for  all  tests  of  both  series  was  only  4.1  per  cent, 
and  since  such  information  as  is  available  concerning  the  effect  of  the 
change  in  nozzle  tip  shows  that  it  made  an  average  change  in  steam 
consumption  of  6.4  per  cent;  the  inference  is  perhaps  warranted,  that 
practically  all  the  improvement  effected  by  the  changes  and  repairs 
was  accomplished  by  the  increase  in  the  size  of  the  exhaust  nozzle  tip, 
through  its  influence  on  back  pressure. 


58  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


PART  II. 
APPENDIX  I. 

The  Locomotive. 

Illinois  Central  Railroad  locomotive  958  is  of  the  consolidation 
type.  It  was  built  by  the  Baldwin  Locomotive  Works  in  December, 
1909,  and  in  the  classification  of  the  Associated  Lines  is  designated  as 
C  —  63  —  |f  —  39.2.  The  locomotive  uses  saturated  steam  in  simple 
cylinders  twenty-two  inches  in  diameter  by  thirty  inches  stroke,  weighs 
223  000  pounds,  and  has  a  rated  tractive  effort  of  39  180  pounds.  This 
tractive  effort  assumes  a  driving  wheel  diameter  of  63  inches.  The 
drivers  however  had  been  turned  to  61  inches  for  which  the  rated  trac- 
tive effort  would  be  40  470  pounds.  The  general  design  of  the  loco- 
motive is  shown  in  Fig.  40  and  42,  and  its  appearance  in  service  is 
shown  in  Fig.  1.  The  period  of  its  service  and  its  mileage  have  been 
stated  in  section  II. 

Repairs  and  Changes. — The  repairs  and  changes  which  have  been 
referred  to  in  Part  I  were  as  follows. 

After  test  No.  2037.  The  valves  were  reset ;  the  valve  and  cylinder 
packing- rings  were  renewed;  lost  motion  in  the  eccentric  straps  was 
taken  up  ;  the  piston-rod  packing  was  renewed ;  cylinder  cocks  were  re- 
paired or  renewed;  side-rod  bushings  were  renewed;  a  new  injector 
was  applied ;  the  boiler  seams  were  caulked ;  three  new  tires  were  ap- 
plied ;  and  certain  minor  adjustments  were  made  in  order  to  take  up 
lost  motion. 

After  test  No.  2045.  The  cylinders  and  the  valve  chambers  were 
rebored ;  the  pistons  and  piston  packing-rings  were  renewed ;  the  valve 
bull-rings  and  packing-rings  were  renewed ;  the  piston  rods  were 
trued ;  a  small  leak  in  one  of  the  branch  pipe  joints  was  stopped ;  and 
the  5V4-in.  nozzle  tip  previously  in  use  was  replaced  by  a  5%-in.  tip. 
The  514-m.  tip  was  again  used  during  tests  2090  and  2091. 

The  Boiler. — The  boiler,  which  carried  a  working  pressure  of  200 
pounds,  was  of  the  crown-bar  type,  with  straight  top  and  wide  firebox. 
Its  general  design  appears  in  Fig.  41,  43,  and  44.  The  principal 
dimensions  of  the  boiler  are  given  in  the  following  list. 
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Outside  diameter  of  first  ring  (205)*' 80  inches 

Thickness  of  sheets: 

Cylindrical  courses 3A 

Wrapper  sheet % 

Flue  sheets V2 

Firebox  sheets % 

Number  of  tubes  (211) 413 

Outside  diameter  of  tubes  (212) 2  inches 

Thickness  of  tubes  (213) 0.133 

Length  between  tube  sheets  (214) 195.2       " 

Length  of  firebox,  inside  (234) 108.25     " 

Width  of  firebox,  inside  (235) 66.13     " 

Volume  of  firebox  (238) 244  cu.  ft. 

Heating  surface  of  the  tubes,  fire  side  (272) 3094  sq.  ft. 

Heating  surface  of  front  tube  sheet  (277) 21    "    " 

Heating  surface  of  the  firebox,  fire  side  (273) 168    "    " 

Total  heating  surface,  fire  side  (275) 3283    "    " 

Water  space  in  the  boiler  (282) 429  cu.  ft. 

Steam  space  in  the  boiler  (283)  107    "    " 

Grates,  of  the  interlocking  finger  type,  area  (252) 49.55  sq.  ft. 

The  Cylinders  and  Valves. — The  cylinders  and  valve  chambers 
were  of  cast-iron  with  cast  iron  bushings.  The  pistons  were  of  the  box 
type,  cast  in  one  piece.  The  steam  distribution  was  controlled  by 
piston  valves  with  inside  admission.  The  nominal  piston  travel  was  6 
inches,  and  the  actual  travel  5-55/64  inches  on  the  right  side,  and 
5-27/32  on  the  left  side.  The  valves  were  set  with  1/32  inch  lead  in 
full  gear  and  were  actuated  by  an  indirect  shifting  link  motion. 

The  principal  cylinder  and  valve  dimensions  during  the  various 
tests  included  in  this  report  were  as  follows : 

During  Tests  During  Tests 
2009-2045  2072-2098 

Cylinder  Diameter 

Right  side  (68) 22.071  inches  22.107  inches 

Left  side  (69) 22.282       "  22.314 

Valve  Chamber  Diameter 

Right  side 12.031       "  12.102 

Leftside  12.020       "  12.078 

*Code  item  number. 
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Fig.  42.     Front  Elevation  op  the  Locomotive. 


LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTIVE 


63 


_  I2L2F  aAIL  _J_ 

Fig.  43.    Cross  Section  Through  the  Front-end  and  Cylinders. 
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Fig.  44.    Cross  Sections  Through  the  Firebox 
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During  Tests  During  Tests 
2009-2045  2072-2098 

Piston  Stroke 

Right  side  (77)* 29.92     inches  29.94      inches 

Left  side  (78) 29.94         "  29.94 

Piston  Rod  Diameter 

Right  side  (135) 3.917       "  3.907       " 

Left  side  (136) 3.928       "  3.907       " 

Cylinder  Volume  (both  sides) 13.199  cu.  ft.  13.199  cu.  ft. 

During  Tests  During  Tests 

2009-2037  2038-2098 
Clearance  Volume 

Ride  side,  head  end  (86) 9.89  per  cent  11.42  per  cent 

Right  side,  crank  end  (87) . .. .       9.74         "  11.01         " 

Left  side,  head  end  (88) 9.73         "  10.60 

Left  side,  crank  end  (89) 10.06         "  11.01         " 

General  Dimensions. — The  principal  general  dimensions  not  al- 
ready cited  are  shown  in  the  following  list. 

Total  weight  in  working  order  (63) 223  000    lb. 

Weight  on  drivers  (64) 200  900    " 

Weight  on  leading  truck  (48) 22  100    " 

Weight  of  tender,  loaded 135  000    " 

Weight  of  locomotive  and  tender,  in  working  order. .  .  .  358  000    " 

Driving  wheel  base  (39)   17  ft.  -  0  in. 

Total  wheel  base  (41)  25  ft.  -  8  in. 

Driving  wheel  diameter,  over  tires  (nominal)   (2) 63  in. 

Truck  wheel  diameter  (27) 33y2  in. 

Driving  journal,  main 10  in.  x  12  in. 

Driving  journals,  other 9  in.  x  12  in. 

Truck  journals 6  in.  x  10  in. 

The  actual  average  driving  wheel  diameter  was  61.01  inches  during 
tests  2009-2037,  and  61.03  inches  during  tests  2038-2098.  The  corre- 
sponding actual  average  circumferences  (code  No.  19)  were  15.972  and 
15.978  feet  respectively.  The  principal  ratios  are  given  below.  Where 
two  values  of  the  ratio  appear,  the  first  is  based  on  nominal  dimen- 
sions, the  second  on  actual  dimensions. 

*Code  item  number. 


H6  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

Weight  on  drivers  200  900 


Tractive  effort  39  180 

Weieht  on  drivers  200  900 


Tractive  effort  40  470 


=  5.12 


=  4.96 


Total  Aveight  223  000 

Tractive  effort  39  180   =  = 

Total  Aveight  223  000 

Tractive  effort     ~~       40  470   =~    ' 

Tractive  effort  X  diameter  of  drivers  39  180X63 


Total  heating  surface  3283 

Tractive  effort  X  diameter  of  drivers  40  470X61 
Total  heating  surface  3283 

Firebox  heating  surface  168 


751.8 


751.8 


Total  heating  surface  3283 

Weight  on  drivers  200  900 

Total  heating  surface  3283 

Total  Aveight 223  000 

Total  heating  surface  3283 

Heating  surface  3283 


.0513 


61.19 


67.92 


Grate  area  '    49.55 

Tube  surface  3094 


Firebox  heating  surface  168 

Total  heating  surface  3283 

Cylinder  volume  13.199 


=  66.26 

=  18.41 


=  248.8 


Horse  Power  Constants. — The  constants  used  in  computing  the 
test  results  are  as  folloAvs: 

For  dynamometer  horse  poAver  (power  developed  when  the  speed 
is  one  revolution  per  minute  and  the  pull  is  one  pound)  the  constants 
are 

For  tests  2009  to  2037  (318)* .0004840 

For  tests  2038  to  2098  (318) 0004842 

*Code  item   number. 
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For  indicated  horse  power  (power  developed  at  one  revolution  per 
minute  and  one  pound  mean  effective  pressure)  the  constants  are 

Tests  2009-2045  2072-2098 

For  right  cylinder,  head  end  (319)* .02893  .02902 

For  right  cylinder,  crank  end  (320) 02802  .02811 

For  left  cylinder,  head  end  (321) 02948  .02957 

For  left  cylinder,  crank  end  (322) 02857  .02866 

*Code  item  number. 
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APPENDIX  2. 

The  Laboratory. 

The  general  purpose  underlying  the  design  of  this  and  of  all  other 
locomotive  laboratories  is  to  provide  means  whereby  the  locomotive  ma- 
chinery may  be  run  and  the  locomotive  worked  throughout  its  range 
of  capacity,  while  the  locomotive  as  a  whole  remains  stationary ;  thus 
permitting  all  test  measurements  to  be  made  with  the  degree  of  accur- 
acy possible  in  a  stationary  power  plant  test. 

The  laboratory  equipment  consists  of,  first,  a  means  for  so  support- 
ing the  locomotive  that  its  driving  wheels  may  be  rotated  and  that  the 
power  developed  may  be  absorbed  and  dissipated ;  second,  a  means  for 
anchoring  the  locomotive  when  so  mounted  and  for  measuring  the  trac- 
tive effort  developed ;  third,  means  for  supplying  and  measuring  coal 
and  water ;  and  finally,  means  for  disposing  of  the  waste  gases  and  ex- 
haust steam. 

The  Building. — The  building  in  which  the  plant  is  housed  is  shown 
in  Fig.  45.  It  is  40  feet  wide  and  115  feet  long,  with  a  height 
of  22  feet  under  the  roof  trusses.  At  the  rear  end  of  the  building  is 
a  coal  room,  above  which  are  a  platform  for  the  exhaust  fan  and  a 
wash-room.  A  basement  extends  under  all  of  the  main  floor,  except 
under  the  space  occupied  by  the  coal  room.  The  walls  are  laid  up  both 
inside  and  out  with  faced  brick,  the  floors  are  of  reinforced  concrete, 
and  the  roof  is  of  the  same  material  covered  with  slate.  "With  the  ex- 
ception of  the  coal  room  all  portions  of  the  building  are  served  by  a 
ten-ton  traveling  crane. 

Supporting  Wheels  and  Axles. — The  supporting  mechanism  con- 
sists primarily  of  pairs  of  wheels,  whose  location  may  be  adjusted  to 
suit  the  wheel  base  of  any  locomotive.  Fi£.  51  shows  the  general  de- 
sign of  wheels,  axles,  bearings,  and  bed-plates.  The  supporting  ele- 
ment for  each  pair  of  locomotive  drivers  consists  of  an  axle,  two 
wheels,  and  two  bearings.  The  supporting  wheels  are  52  inches  in 
diameter,  have  plain  5-inch  tires,  and  are  pressed  on  lll/o-inch  axles. 
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Fig.  48.     An  Exterior  View  of  the  Brakes. 


Fig.  49.     Tiik  Weighing  Head  and  Pedestal  of  the  Dynamometer. 


LABORATORY  TESTS  OP  A  CONSOLIDATION  LOCOMOTIVE 


73 


74  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

The  axles  and  tires  are  of  the  highest  grade  of  heat-treated  carbon 
steel  and  were  donated  by  the  Midvale  Steel  Company.  Provision  has 
been  made  for  replacing  the  52-inch  wheels  by  72-inch  wheels  for  test- 
ing high  speed  locomotives,  where  the  use  of  the  smaller  wheels  would 
involve  rotating  speeds  as  high  as  530  revolutions  per  minute. 

Bearings.— The  bearings  for  the  supporting-wheel  axles  are  self- 
aligning,  their  shells  being  carried  in  spherical  sockets  which  form  the 
upper  part  of  the  pedestal.  The  journals  are  9y2  inches  by  20  inches, 
and  the  axles  bear  on  the  underside  only.  Oil  for  lubrication  enters 
the  bearing  cap  at  two  points  and  is  supplied  under  head  from  an 
elevated  tank.  The  pedestal  is  made  in  two  parts,  so  that  by  removing 
the  lower  section,  its  height  may  be  adjusted  to  provide  for  the  72-inch 
supporting  wheels.  This  arrangement  will  continue  to  bring  the  top 
edge  of  the  larger  supporting  wheels  level  with  the  outside  track.  The 
base  of  the  pedestal  is  secured  to  a  massive  cast-iron  bed-plate  by 
T-bolts  held  in  slots  running  the  entire  length  of  the  bed.  Each  bed- 
plate consists  of  three  sections  placed  end  to  end,  18  inches  in  height 
and  36  inches  wide  over  all.  The  length  of  the  present  bed-plate  is 
42  feet,  which  provides  for  a  maximum  driving-wheel  base  of  36  feet, 
and  the  foundation  is  built  to  receive  two  more  14-foot  sections  of  bed- 
plate. The  supporting  machinery  rests  on  a  concrete  foundation  12 
feet  wide  and  93  feet  long,  which  varies  in  thickness  from  3y2  feet  at 
the  front  to  5  feet  at  the  rear  end.  The  rear  end  is  surmounted  by  a 
pyramidal  base  of  reinforced  concrete,  to  which  the  dynamometer  is 
bolted. 

Hydraulic  Brakes.- — Supported  in  this  way  the  driving  wheels  are 
free  to  turn  and  the  power  produced  at  the  driving  wheel  rim  is  ab- 
sorbed by  means  of  the  brakes  shown  in  Fig.  47,  48,  and  52.  One  of 
these  brakes  is  mounted  on  each  end  of  each  supporting-wheel  axle. 
Each  brake  consists  essentially  of  three  cast  iron  discs  (C,  Fig.  52) 
which,  bolted  to  the  cast  iron  hub  (F),  are  keyed  to  the  supporting 
axle  and  form  with  it  an  integral  revolving  element.  These  three  discs 
rotate  between  1/16-inch  copper  diaphragms  (D),  bolted  to  the  rim  of 
a  stationary  housing  (H),  and  flanged  over  the  edges  of  the  floating 
rings  (E)  and  of  the  housing,  to  which  they  are  secured  by  means  of 
the  expanding  rings  (G).  The  housing  is  prevented  from  turning  by 
means  of  the  links  (L)  attached  to  the  bed-plate.  The  rubbing  sur- 
faces of  the  discs  and  diaphragms  are  lubricated  with  a  medium  grade 
of  cylinder  oil  which  enters  the  brake  under  pressure  through  the  oil- 


LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTIVE 


76  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

header  (N)  at  the  periphery  of  the  discs,  and  through  the  oil-duct 
(K).  The  oil  is  taken  off  at  M  as  it  oozes  out  around  the  disc  hub. 
The  diaphragms  form  also  within  the  casing  four  water  compartments 
which  have  no  communication  whatever  with  the  compartments  in 
which  the  discs  rotate.  Water  at  about  60  deg.  F.  is  forced  through 
3-inch  hose  connections  into  the  brake  at  the  lower  header  (B)  and 
leaves  through  the  upper  header  (A).  The  amount  of  water  passing 
through  any  individual  brake  and  the  water  pressure  within  the  brake 
may  be  regulated  at  will  by  means  of  suitable  valves  in  the  piping. 
The  brake  load  is  controlled  by  thus  modifying  the  water  pressure. 
This  is  accomplished  simultaneously  for  all  of  the  brakes  by  means  of 
the  large  control-valve  in  the  brake  supply  main,  shown  in  Fig.  50. 
The  auxiliary  brake-valves  and  gages  shown  at  the  left  in  this  same 
figure  permit  the  separate  adjustment  of  load  on  each  brake.  Each 
of  these  brakes  has  the  capacity  of  absorbing  450  horse  power,  having 
been  designed  to  develop  a  resisting  torque  of  18  000  pounds-feet  at 
speeds  up  to  130  revolutions  per  minute.  This  capacity  allows  for  a 
considerable  increase  in  wheel  loads  above  that  which  could  be  im- 
posed by  the  most  heavily  loaded  driver  of  the  present  day. 

Placing  the  Locomotive. — Fig.  47  shows  the  mounting  machinery 
arranged  to  receive  an  eight-driver  locomotive.  The  top  of  the  sup- 
porting-wheels is  level  with  the  main  floor  of  the  building  and  one- 
fourth  inch  higher  than  the  outside  track.  Before  the  locomotive  to 
be  tested  is  placed  upon  the  plant,  its  wheel-spacing  is  determined  and 
the  supporting-wheel  centers  spaced  accordingly.  The  tender  having 
been  removed,  the  locomotive  is  backed  into  the  laboratory  and  onto 
the  temporary  track  shown  in  place  between  the  supporting-wheels. 
The  drivers  run  on  their  flanges  over  the  temporary  track,  which  leaves 
their  treads  free  to  engage  the  supporting-wheels,  so  that  when  the 
locomotive  is  properly  placed  the  supporting-wheels  carry  all  of  the 
weight  except,  of  course,  that  borne  by  leading  or  trailing  trucks.  The 
temporary  track  being  relieved,  may  be  removed.  Mounted  in  this 
way.  the  locomotive  is  held  in  place  and  prevented  from  moving  for- 
ward or  backward  by  means  of  the  dynamometer  draw-bar,  which  is 
supplemented  by  two  safety-bars  that  come  into  play  in  case  of  failure 
of  the  draw-bar.  These  three  bars  are  shown  in  Fig.  50.  Forward  and 
trailing-truck  wheels  are  carried  on  track  sections  which  are  level  with 
the  supporting  wheels. 

The  Dynamometer.- — The  dynamometer,  the  chief  function  of  which 
is  to  permit  the  tractive  force  of  the  locomotive  to  be  measured,  is 
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shown  in  Fig.  47,  49,  and  50.  It  is  of  the  Emeiy  type  and  consists 
essentially  of  two  parts :  the  weighing  head,  carried  on  a  pedestal  and 
shown  in  Fig.  49,  and  the  measuring  and  recording  scale  shown  in  Fig. 
50.  The  weighing  head  may  be  raised  or  lowered  to  suit  the  height 
of  the  drawbar  of  any  locomotive.  "Within  the  weighing  head  is  an 
enclosed  oil-chamber  with  a  flexible  wall  or  diaphragm,  which  receives 
and  balances  any  force  transmitted  through  the  drawbar  of  the  loco- 
motive. The  pressure  within  this  oil-chamber  varies  with  the  load, 
and  is  transmitted  through  a  copper  tube  of  small  bore  to  a  smaller 
oil-chamber  known  as  the  reducing  chamber,  located  in  the  case  with 
the  measuring  apparatus.  The  pressure  thus  produced  in  the  reduc- 
ing chamber  moves  the  beam  of  a  substantial  but  sensitive  scale  which 
measures  the  tractive  force  of  the  locomotive. 

In  order  to  prevent  undue  shocks  from  taking  place  within  the 
weighing  head  of  the  dynamometer  on  account  of  variations  in  the 
force  in  the  drawbar,  an  initial  load  of  50  000  pounds  is  imposed  upon 
the  oil  behind  the  diaphragm  by  means  of  the  capstan  and  springs 
located  at  the  rear  of  the  weighing  head  and  shown  at  the  left  in  Fig. 
49.  The  weighing  head  of  the  dynamometer  is  so  designed  that  by  an 
adjustment  of  the  capstan  the  tractive  effort  may  be  measured  whether 
the  locomotive  drivers  are  turning  forward  or  backward.  For  the 
sake  of  accuracy  in  determining  the  drawbar  pull  it  is  essential  that 
the  locomotive  drivers  be  placed  and  maintained  with  their  centers  pre- 
cisely above  the  centers  of  the  supporting-wheels.  To  satisfy  this  re- 
quirement the  longitudinal  travel  of  the  dynamometer  drawbar  from 
no  load  to  full  load  must  be  reduced  to  a  minimum.  In  this  instrument 
the  range  of  movement  is  only  three  one-thousandths  of  an  inch.  The 
scale  beam  reads  directly  to  20  000  pounds  in  100-pound  divisions,  and 
a  vernier  gives  readings  to  ten  pounds.  For  drawbar  pulls  of  more 
than  20  000  pounds,  weights  may  be  added  as  required.  The  dyna- 
mometer will  measure  drawbar  pulls  as  high  as  125  000  pounds. 

A  feature  of  interest  in  the  design  of  the  scale  lies  in  the  fact  that 
the  adjustment  of  the  poise  weight  on  the  scale  beam  may  be  made 
automatically.  This  is  accomplished  by  means  of  a  small  motor  which 
is  mounted  on  the  scale  beam  and  geared  to  a  screw  which  passes 
through  the  poise  Aveight.  Attached  to  the  scale  beam  is  a  contact 
arm,  and  any  movement  of  the  beam  in  either  direction  causes  a  series 
of  mercury-cup  contacts;  the  number  of  contacts  depending  on  the 
amount  of  deflection  of  the  beam,  which  in  turn  is  caused  by  a  change 
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iii  the  load.  When  contact  is  made,  an  electrical  circuit  is  closed  and 
the  motor  runs  in  the  direction  required  to  bring  the  poise  weight  to 
a  position  of  equilibrium.  As  soon  as  the  load  is  balanced,  the  circuit 
is  broken  and  the  motor  stops.  This  operation  is  repeated  as  often  as 
the  load  changes,  and  is  practically  continuous.  The  action  of  the 
poise  weight  may  also  be  controlled  by  a  hand  switch. 

Water  and  Coal  Supply. — The  general  water  supply  of  the  Univer- 
sity is  from  driven  wells,  the  demand  upon  which  at  times  approaches 
their  full  capacity.  In  order  therefore  that  the  water  which  passes 
through  the  brakes  shall  not  be  wasted,  provision  has  been  made  for 
collecting,  cooling,  and  recirculating  it.  For  this  purpose  a  100  000- 
gallon  concrete  storage  reservoir  (see  Fig.  45)  has  been  built  in  the 
ground  outside  of  the  building.  A  supply  pump  for  the  brakes  draws 
water  from  this  reservoir  through  a  6-inch  main  and  pumps  it  through 
the  main  control  valve  to  a  header,  whence  it  is  distributed  through 
auxiliary  supply  control  valves  to  the  several  brakes;  after  which  it 
flows  back  througn  anotner  set  of  auxiliary  back-pressure  control 
valves  to  i  sump  located  in  the  basement  of  the  laboratory.  ( See  Fig. 
53).  The  water  is  drawn  from  the  sump  by  another  pump  and  forced 
through  five  2-inch  whirling-spray  nozzles  above  the  surface  of  the 
water  in  the  reservoir.  Water  direct  from  the  University  mains  may 
also  be  used  in  the  brakes  when  desirable. 

Water  for  the  locomotive  boiler  may  be  drawn  from  the  reservoir 
or  direct  from  the  University  mains,  and  forced  by  a  separate  pump 
to  two  elevated  tanks  which  are  shown  in  Fig.  47  and  54.  Each  of 
these  tanks  has  a  capacity  of  2000  pounds  and  rests  permanently  on 
a  platform  scale.  At  a  supply  pressure  of  45  pounds,  each  tank  can 
be  filled,  weighed,  and  emptied  in  two  and  one-half  minutes.  From 
the  weighing  tanks,  tne  water  falls  into  the  18  000-pound  capacity 
feed  tank  below,  and  thence  passes  through  two  4-inch  supply  pipes  to 
the  locomotive  injectors.  Water  for  the  hydraulic  elevator  used  in 
raising  coal  from  tne  main  floor  to  the  firing  platform  may  be  taken 
from  the  University  mam  or  from  the  storage  tank.  In  either  case 
the  pressure  is  maintained  at  60  pounds  by  a  throttle-control  valve  on 
the  supply  pump.  By  these  provisions  in  the  piping,  reservoir  water 
alone  may  be  used  for  feed-water,  brakes,  and  elevator. 

The  coal-room  shown  in  Fig.  53  occupies  the  rear  end  of  the  build- 
ing. It  is  22  feet  wide  and  40  feet  long,  and  has  a  storage  capacity 
of  300  tons.  Coal  for  the  tests  is  loaded  into  1000-pound  capacity  wag- 
ons, run  out  onto  the  scales,  raised  by  the  elevator  to  the  firing  plat- 
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Fig.  54.     A  Cross  Section  Through  the  Middle  of  the  Laboratory. 


form,  and  there  dumped.  The  firing  platform  is  adjustable  in  height 
so  as  to  suit  the  deck  of  any  locomotive  cab.  The  elevator  has  a  ca- 
pacity of  2000  pounds.  It  is  also  used  to  raise  ashes  from  the  level  of 
the  basement. 

The  Exhaust  System.— Recognizing  the  value  of  accurate  deter- 
mininations  of  the  total  amount  of  cinders  lost  through  the  stack  of 
the  locomotive,  it  was  early  decided  that  if  possible  some  means  should 
be  incorporated  in  this  plant  to  collect  all  of  the  solid  matter  which 
passes  through  the  locomotive  front  end.  Preliminary  designs  of  a 
cinder  catcher  which  should  have  sufficient  capacity  to  pass  the  total 
volume  of  waste  gas,  exhaust  steam,  and  entrained  air,  and  at  the  same 
time  collect  all  the  cinders  from  the  largest  modern  locomotive  work- 
ing at  high  power,  made  it  clear  that  such  a  collector  would  be  too 
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Fig.  55.     Cross  Section  Through  Cinder  Collector  and  Stack. 
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large  to  be  located  conveniently  within  the  building.  Another  point 
considered  in  the  design  of  the  exhaust  system  was  the  necessity  of  a 
stack  of  sufficient  height  to  insure  that  the  exhaust  gases  would  be 
discharged  far  enough  above  ground  to  prove  inoffensive  to  occupants 
of  neighboring  residences  and  University  buildings.  For  this  purpose 
it  was  decided  that  a  stack  8  feet  in  diameter  and  80  feet  high  would 
be  required.  Further  study  made  it  apparent  that  these  two  decisions 
could  be  embodied  in  one  structure  combining  the  cinder  separator 
and  the  stack.  This  has  been  accomplished  in  the  construction  repre- 
sented in  cross-section  by  Fig.  55,  and  which  is  located  outside  and  at 
the  rear  of  the  laboratory. 

The  system  will  be  most  easily  understood  by  following  the  course 
of  the  exhaust  gases  after  they  leave  the  locomotive  stack.  (Fig. 
53  and  54.)  The  gases  and  exhaust  steam  are  discharged  across  an 
open  space  above  the  locomotive  stack  into  a  steel  exhaust  elbow,  which 
carries  them  up  and  over  to  a  horizontal  duct  running  through  the  cen- 
ter of  the  roof -trusses  of  the  building.  The  gases,  exhaust  steam,  and 
solid  matter  are  drawn  through  this  elbow  and  duct  by  the  exhaust; 
fan,  located  near  the  roof  at  the  rear  end  of  the  building.  They  are 
then  passed  through  a  breeching  or  flue  to  the  separator  previously  re- 
ferred to,  the  action  within  which  may  be  best  explained  by  reference 
to  Fig.  55.  The  cinder-laden  gases  enter  the  separator  at  B  and  in 
order  to  leave,  they  must  pass  downward  and  around  the  sleeve  A. 
This  operation  gives  them  a  whirling  motion,  which  causes  the  cinders 
by  centrifugal  force  to  move  toward  the  outside  wall,  along  which  they 
drop  to  the  hopper  below,  while  the  gases  pass  downward  and  out 
through  the  mouth  of  the  sleeve.  The  cinders  collecting  at  the  bottom 
of  the  hopper  are  drawn  off,  weighed,  and  analysed  between  tests.  The 
separator  is  surmounted  by  a  45-foot  radial  brick  stack,  through  which 
the  gases  and  steam  are  finally  discharged. 

On  account  of  the  corrosive  nature  of  the  mixture  of  exhaust  gases 
and  steam,  it  was  necessary  to  avoid  the  use  of  metal  throughout  the 
exhaust  system,  as  far  as  it  was  possible  to  do  so.  The  exhaust  elbow 
which  receives  the  gases  from  the  locomotive  stack  is  necessarily  made 
of  steel  and  needs  occasionally  to  be  renewed.  The  horizontal  duct, 
running  through  the  center  of  the  roof -trusses,  is  made  of  a  hard  and 
tough  asbestos  board  known  as  "Transite,"  which  is  proof  against 
corrosion.  This  duct  is  seven  feet  in  diameter,  and  is  built  up  in  sec- 
tions so  that  its  length  may  be  varied  to  suit  the  position  of  the  locomo- 
tive  stack.  The  final  adjustment  of  the  elbow  above  the  stack  of  the 
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locomotive  is  obtained  through  the  medium  of  a  telescopic  connection 
between  the  elbow  and  the  duct.  The  fan  has  a  runner  six  feet  in  diam- 
eter, and  at  a  maximum  speed  of  300  revolutions  per  minute,  will  pass 
140  000  cubic  feet  of  gas  per  minute.  The  breeching  between  the  fan 
and  separator  is  also  built  of  transite,  and  has  a  minimum  cross-sec- 
tional area  of  about  24  square  feet.  The  outer  shell  of  the  separator 
is  built  of  reinforced  concrete,  and  it  is  lined  throughout  with  a  course 
of  hard  red  brick  as  protection  from  the  corroding  action  of  the  gases. 
Between  the  lining  and  the  shell  is  a  2-inch  air  space  which  acts  as  an 
insulator  to  protect  the  shell  from  overheating.  Any  leakage  of  gas 
through  the  lining  into  the  air  space  is  vented  to  the  outside  air 
through  openings  which  are  provided  in  the  shell,  and  which  serve  also 
to  circulate  cool  air  through  the  air-space.  Both  the  inside  sleeve  and 
the  hopper  are  built  of  reinforced  concrete.  The  stack  itself  is  un- 
lined,  but  is  laid  up  with  acid-proof  cement.  Provision  was  made  in 
the  design  for  traps  in  the  bottom  of  the  horizontal  duct,  whereby  any 
solid  matter  that  should  accumulate  within  the  duct  could  be  removed 
and  weighed.  Experience  has  proved  this  to  be  unnecessary,  as  all 
portions  of  the  duct  and  breeching  have  been  self -cleaning  under  all 
test  conditions  thus  far  encountered. 
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APPENDIX  3. 

Test  Methods. 

The  test  methods  employed  were,  in  general,  those  outlined  in  the 
"Method  of  Conducting  Locomotive  and  Road  Tests"  published  in 
the  Proceedings  of  the  American  Railway  Master  Mechanics'  Associa- 
tion, volume  47,  page  538. 

Each  test  was  made  under  predetermined  conditions  of  speed  and 
cut-off.  Throughout  each  test  all  conditions  subject  to  control  were 
maintained  as  nearly  constant  as  possible.  Variations  between  different 
tests,  or  groups  of  tests,  relative  to  engine  conditions  and  fuel  used 
have  been  recorded  and  discussed. 

The  test  methods  employed  were,  with  minor  exceptions,  the  same 
throughout  all  tests.  All  instruments  were  known  to  be  correct  within 
reasonable  limits  or  were  calibrated  at  intervals  and  suitable  correc- 
tions applied  to  the  observed  data.  Observations  were,  in  general, 
taken  every  ten  minutes.  Indicator  diagrams,  particularly  on  com- 
paratively short  tests,  were  often  taken  at  five  minute  intervals.  The 
locations  of  the  more  important  instruments  and  apparatus  are  indi- 
cated in  Fig.  40  in  Appendix  1,  and  in  the  figures  of  Appendix  2. 
The  methods  of  applying  the  load  to  the  engine,  of  measuring  the 
drawbar-pull,  and  of  collecting  the  stack  cinders  are  made  clear  by 
the  description  of  the  Locomotive  Laboratory  in  Appendix  2. 

Duration  of  Tests. — The  tests  reported  in  Appendix  4  varied  in 
length  from  30  minutes  to  3  hours.  Tests  were  in  general  of  such 
duration  that  from  120  to  180  pounds  of  coal  would  be  burned  per 
square  foot  of  grate  during  the  test.  This  is  equivalent  to  a  coal  con- 
sumption of  approximately  6000  to  9000  pounds  per  test.  An  ex- 
amination of  the  data  shows  that  for  39  tests  the  coal  consumption 
was  within  this  range;  for  15  tests  it  was  less  than  6000  pounds; 
and  for  4  tests  it  was  more  than  9000  pounds  per  test. 

Starting  and  Closing  a  Test. — In  general,  fires  were  built  upon  a 
clean  grate  for  each  test.  With  sufficient  steam  pressure  the  locomo- 
tive was  started  and  gradually  brought  to  the  required  conditions  of 
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speed  and  cut-off.  The  locomotive  was  operated  for  a  short  time  under 
the  required  conditions  and  until  a  satisfactoiy  fire  and  satisfactory 
boiler  pressure  were  being  maintained.  On  signal,  the  ash  pan  and 
cinder  separator  were  closed,  observations  of  water  levels  and  steam 
pressure  were  made,  and  the  test  thereby  started. 

In  closing  a  test,  simultaneous  observations  were  made  upon  water 
levels,  steam  pressure,  and  condition  of  fire.  The  locomotive  was  then 
stopped  as  quickly  as  conditions  permitted.  As  soon  as  possible  after 
stopping  the  locomotive,  ashes  were  removed  from  the  ash  pan  and 
cinders  were  removed  from  the  front-end  and  from  the  cinder  sepa- 
rator. In  closing  tests,  it  was  sometimes  advisable  to  remove  some  of 
the  ash  from  the  fire  previous  to  the  close  of  the  test  in  order  to  bring 
the  fire  to  the  desired  condition,  and  it  was  also  occasionally  advisable 
to  remove  some  ash  immediately  after  the  close  of  the  test.  In  all 
eases  it  was  endeavored  to  have  the  same  amount  of  combustible  matter 
upon  the  grate  at  the  close  of  the  test  as  at  the  start.  The  removal 
of  ash  from  the  fire  in  connection  with  the  closing  of  the  test  was 
primarily  for  the  purpose  of  judging  the  amount  of  combustible  upon 
the  grate,  not  for  the  purpose  of  collecting  the  ash.  The  endeavor 
was  made  to  have  the  boiler  pressure  and  water  level  in  the  boiler 
substantially  the  same  at  the  close  as  at  the  beginning  of  the  test. 
Corrections  were  made  for  such  irregularities  as  occurred. 

Temperatures,  Pressures,  Gas  Samples,  Etc. — Temperatures  in  the 
fire-box  were  observed  by  means  of  a  radiation  pyrometer  and  tem- 
peratures in  the  front-end  by  means  of  a  thermo-couple.  Mercury 
thermometers  were  used  at  other  points  where  temperature  observa- 
tions were  made.  Boiler  pressure  observations  were  taken  from  a 
gage  located  in  the  engine  cab.  Draft  pressures  were  measured  by 
means  of  U-tubes  with  water.  Quality  of  steam  was  determined  by 
means  of  a  throttling  calorimeter  fitted  with  a  suitable  sampling  tube. 
Front-end  gas  samples  were  collected  through  a  sampling  pipe  pro- 
vided with  numerous  small  holes  along  the  pipe,  through  which  the 
gas  was  drawn.  The  time  during  which  a  single  sample  was  collected 
varied  from  20  to  60  minutes,  depending  mainly  upon  the  total  length 
of  the  test.  The  taking  of  samples  usually  covered  the  entire  test 
period.  Gas  samples  were  analysed  immediately  after  collection  by 
means  of  the  Orsat  apparatus.  Speed  was  measured  by  means  of  a 
stroke  counter  operated  through  the  indicator  reducing-motion. 

Indicator  Diagrams. — Four  indicators  were  used,  one  at  each  end 
of  each  cylinder.    During  a  majority  of  the  tests,  indicators  were  used 
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which,  through  the  operation  of  electrical  attachments,  took  the  four 
diagrams  simultaneously.  On  account  of  minor  accidents,  it  was  some- 
times necessary  to  use  indicators  where  the  pencil  applications  on 
some  or  all  of  the  indicators  were  made  by  hand.  In  all  cases,  how- 
ever, the  applications  were  practically  simultaneous. 

Coal  and  Water. — Coal  was  delivered  to  the  firing  platform  in  lots 
of  approximately  1000  pounds  each.  The  time  of  firing  the  last 
shovelful  of  each  lot  was  recorded.  Water  was  weighed  by  means  of 
two  tanks  upon  platform  scales.  Each  tank  holds  approximately  2000 
pounds  of  water.  The  weighing  tanks  emptied  into  the  feed-water 
supply-tank  which  has  a  capacity  of  18  000  pounds.  The  height  of 
water  in  the  feed-water  tank  was  maintained  at  an  approximately  con- 
stant level  throughout  a  test.  Observations  were  so  taken  that  the 
amount  of  water  furnished  to  the  boiler  could  be  calculated  for  inter- 
vals determined  by  the  emptying  of  each  weighing  tank.  Fig.  47  and 
53  in  Appendix  2  show  the  arrangement  of  the  coal  and  water  weigh- 
ing apparatus. 

Firing. — The  locomotive  was  hand  fired  during  all  tests.  The 
method  of  level  firing  was  used,  single  shovelfuls  of  coal  at  a  fairly 
constant  rate  being  distributed  uniformly  over  the  grate.  All  large 
pieces  of  coal  were  broken,  before  firing,  to  lumps  wnose  greatest  di- 
mension was  from  3  to  4  inches.  Two  experienced  firemen  were  em- 
ployed. One  of  these  men,  however,  was  held  entirely  responsible  and 
did  practically  all  of  the  firing. 

Samples  of  Coal,  Asli,  and  Cinders. — Following  the  close  of  a  test 
the  ashes  collected  in  the  ash  pan,  the  cinders  collected  in  the  front- 
end,  and  the  cinders  collected  in  the  cinder  separator  were  weighed 
and  sampled. 

A  coal  sample  weighing  from  200  to  500  lb.  was  collected  dur- 
ing each  test.  This  sample  was  collected  while  loading  the  cars  taking 
coal  to  the  firing  platform,  by  placing  about  50  lb.  in  the  sampling  can 
for  each  1000-lb.  car  loaded.  Care  was  exercised  to  make  the  sample 
representative. 

The  front-end  cinders  after  being  weighed  were  thoroughly  mixed 
and  about  two  pounds  of  cinders  set  aside  as  a  sample.  A  sample  of 
the  stack  cinders,  weighing  from  25  to  50  lb.,  was  collected  as  the 
cinders  were  being  weighed,  a  small  amount  being  taken  from  each 
barrow  load  after  passing  over  the  scales.  A  sample  of  ash,  weighing 
from  50  to  100  lb.  was  collected  as  the  ash  was  being  weighed,  repre- 
sentative portions  of  the  ash  being  selected. 
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The  large  samples  of  coal,  ash,  and  stack  cinders  were  ground  or 
crushed  as  necessary  to  reduce  them  to  a  maximum  size  of  V4  inch, 
then  thoroughly  mixed  and  reduced  by  "quartering"  to  samples 
weighing  about  two  pounds.  The  two  pound  samples  of  coal,  ash, 
front-end  and  stack  cinders  were  submitted  to  the  Chemical  Labora- 
tory for  analysis. 

Chemical  Analysis. — The  chemical  analyses  and  heat  determina- 
tions were  made  by  the  Department  of  Chemistry  of  the  University 
of  Illinois.  The  methods  employed  were  substantially  those  which 
have  been  recommended  in  the  preliminary  reports  of  the  Joint  Com- 
mittee on  Coal  Analysis,  of  the  American  Society  for  Testing  Mate- 
rials and  the  American  Chemical  Society. 

Proximate  analyses  and  B.t.u.  determinations  were  made  for  the 
coal  sample  for  each  test.  Four  ultimate  analyses  of  coal  were  made 
—one  for  tests  2009  to  2019  inclusive,  one  for  tests  2020  to  2045,  one 
for  tests  2046  to  2071,  and  one  for  tests  2072  to  2095.  The  ultimate 
analyses  were  made  from  composite  samples.  Each  composite  sample 
was  made  by  combining  from  each  air-dried  sample  of  the  tests  to  be 
represented,  an  amount  proportional  to  the  coal  burned  during  the 
test.  The  ultimate  analyses  for  the  individual  tests  which  appear  in 
the  tabulated  results  are  based  upon  the  percentages  of  moisture,  ash, 
and  sulphur  as  determined  by  the  proximate  analysis  and  upon  the 
assumption  that  the  carbon,  hydrogen,  oxygen,  and  nitrogen  are  pro- 
portional to  the  percentages  as  determined  for  the  composite  sample 
by  ultimate  analysis. 

Each  ash  and  cinder  sample  was  subjected  to  analysis  to  determine 
carbon,  earthy  matter,  and  moisture.  B.t.u.  determinations  for  ash, 
front-end  and  stack  cinders  were  estimated  in  the  following  manner. 
B.t.u.  determinations  were  made  upon  ten  ash  samples  of  Series  1, 
upon  three  samples  of  Series  2,  and  upon  one  composite  sample  repre- 
senting all  tests  2072  to  2095  inclusive.  Upon  the  assumptions  that 
the  heat  content  of  the  ash  was  entirely  due  to  its  carbon  content,  and 
that  the  heat  content  of  the  carbon  was  uniform  in  all  of  the  ash,  an 
average  value  for  the  heat  content  of  one  pound  of  carbon  in  the  ash 
was  computed.  This  value  was  determined  as  14  672  B.t.u.  per  pound 
of  carbon  contained  in  the  ash.  Using  this  value  as  a  basis  the  heat 
content  per  pound  of  ash  was  calculated  for  each  test. 

B.t.u.  determinations  were  made  for  10  front-end  cinder  samples 
of  Series  1  and  for  one  composite  sample  representing  tests  2072  to 
2095  inclusive.    In  a  manner  similar  to  that  outlined  in  the  case  of 
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the  ash,  it  was  computed  that  the  average  value  for  the  heat  content 
of  one  pound  of  carbon  contained  in  the  front-end  cinders  was  14  336 
B.t.u.  and  with  this  value  as  a  basis  the  heat  content  per  pound  of 
front-end  cinders  was  calculated  for  each  test. 

B.t.u.  determinations  were  made  for  10  stack  cinder  samples  of 
Series  1,  for  a  composite  sample  representing  10  tests  during  which 
the  draft  ranged  from  2.2  to  4.5  inches  of  water,  for  a  composite 
sample  representing  9  tests  during  which  the  draft  ranged  from  5.3 
to  9.2  inches  of  water,  for  a  composite  sample  representing  5  tests 
during  which  the  draft  ranged  from  10  to  12.8  inches  of  water,  and 
for  3  individual  tests  during  which  the  drafts  were  respectively  2.9, 
7.0,  and  11.9  inches  of  water.  The  24  tests  represented  by  the  com- 
posite samples  were  tests  2072  to  2095  inclusive.  The  3  individual 
tests  mentioned  were  2087,  2079,  and  2089.  With  these  heat  deter- 
minations and  in  a  manner  involving  the  same  assumptions  as  were 
made  in  the  case  of  the  ash  and  front-end  cinders,  it  was  computed 
that  the  heat  content  of  one  pound  of  carbon  contained  in  the  stack 
cinders  was  equivalent  to  (14  932-44D)  B.t.u.  In  this  expression  D 
is  the  draft  in  front  of  the  diaphragm,  expressed  as  inches  of  water. 
With  the  values  determined  by  means  of  this  formula  the  heat  con- 
tent per  pound  of  stack  cinders  was  calculated  for  each  test. 
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APPENDIX  4. 
Detailed  Data  and  Results. 

The  purpose  of  this  appendix  is  to  present  in  detail  the  data  and 
results  of  all  the  tests.  It  consists  of  24  tables  and  3  figures.  Tables 
13  to  35  inclusive  contain  the  data  and  results  for  61  tests,  arranged 
in  four  groups.  Table  36  contains  information  relating  to  the  repre- 
sentative indicator  diagrams  which  are  shown  in  Fig.  56,  57,  and  58 
at  the  end  of  the  appendix. 

The  first  of  the  four  groups  of  tests  comprises  tests  2009  to  2037 
and  has  been  designated  as  Series  1.  The  third  group,  designated  as 
Series  2,  comprises  tests  2072  to  2098  (excepting  No.  2090  and  2091). 
The  results  of  Series  1  and  2  have  been  presented  and  discussed  in 
sections  VI  to  VIII  in  Part  I.  The  data  and  results  of  the  two  re- 
maining groups  appear  only  in  this  appendix,  and  are  elsewhere 
merely  referred  to  incidentally. 

Section  IV  of  Part  I  defines  these  four  groups  of  tests,  and  states 
the  difference  between  them  as  regards  the  condition  of  the  locomotive. 
The  locomotive's  condition  has  also  been  explained  in  Section  II  and 
in  Appendix  1.  The  differences  in  condition  as  regards  fuel  are  stated 
in  Section  V  of  Part  I.  The  evaporative  efficiencies  recorded  for  tests 
2024  and  2038  are  enough  higher  than  the  corresponding  results  re- 
corded for  other  tests  to  raise  some  question  as  to  the  correctness  of 
their  results.  The  conditions,  however,  under  which  they  were  made 
were  such  that  high  boiler  efficiency  was  to  be  expected.  The  data  and 
results  for  these  tests  have  been  included  in  the  tables,  and  have  been 
used  throughout  the  discussion  except  as  may  have  been  specifically 
indicated. 

The  data  and  results  are  presented  under  182  headings.  The  col- 
umn-heading numbers  are  included  between  the  numbers  344  and  900 
and  are  arranged  consecutively  in  the  tables.  Tables  throughout  the 
bulletin  carry  corresponding  column-headings  and  numbers  wherever 
the  same  data  are  presented.  In  general  the  column-headings  and 
column-heading  numbers  are  the  same  as  used  in  the  Code  for  Testing 
Locomotives  published  in  the  Proceedings  of  the  American  Railway 
Master  Mechanics'  Association,  volume  47,  page  538.  The  methods 
of  calculation,  unless  entirely  obvious,  are  given  in  detail  in  Appen- 
dix 5. 
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Table  13. 
General  Conditions 


Duration 

Speed 

Position  of  Levers 

Revolutions 

Equivalent 

Reverse    1 
Lever,     \ 
Notches 

Test 
No. 

Laboratory 
Designation 

of 

Test, 
Hours 

Average 

Speed 
in 

Piston 
Speed 

Throttle 

Total 

per 

Miles 

in  Feet 

from 

Minute 

per 
Hour 

per 
Minuta     1 

Center 

JodeltemjGT 

345 

351 

352        | 

353 

354 

360 

363 

2009 

138-16-F 

2.50 

20   878 

139.2      i 

25.2 

694.6 

4 

Full 

2010 

193-20-P 

1.18 

13   969 

196.8 

35.7 

981.8 

5 

Full 

2012 

138-24-F 

1.83 

15   349 

139.5 

25.3 

696.3 

6 

Full 

2013 

138-32-F 

1.50 

12   575 

139.7      j 

25.4 

697.2 

8 

Full 

2014 

193-32-P 

1.17 

13   981 

199.7     1 

36.3 

996.4 

8 

Full 

2015 

193-24-F 

1.50 

18   000 

200.0 

36.3 

998.0 

6 

Full 

2016 

193-16-F 

2.33 

27   998 

200.0 

36.3 

998.0 

4 

Full 

2017 

83-16-F 

3.00 

14   398 

80.0 

14.5 

399.2 

4 

Full 

2018 

83-24-F 

2.67 

12   802 

80.0 

14.5 

399.2 

6 

Full 

2019 

83-32-F 

2.17 

10  474 

80.6 

14.6 

402.0 

8 

Full 

2020 

83-24-F 

2.00 

9   656 

80.5 

14.6 

401.7 

6 

Full 

2021 

83-16-F 

2.00 

9   615 

80.1 

14.5 

399.7 

4 

Full 

2022 

83-32-F 

2.00 

9   670 

80.6 

14.6 

402.2 

8 

Full 

2023 

138-40-F 

1.50 

12   515 

139.0 

25.2 

693.6 

10 

Full 

2024 

55-24-F 

2.00 

6   080 

50.7 

9.2 

253.0 

6 

Full 

2026 

110-16-F 

2.17 

14   220 

109.4 

19.9 

545.9 

4 

Full 

2027 

110-24-F 

2.50 

16   500 

110.0 

20.0 

548.9 

6 

Full 

2028 

55-32-F 

2.33 

7   050 

50.3 

9.1 

251.0 

8 

Full 

2029 

110-32-F 

1.50 

9   880 

109.8 

19.9 

547.9 

8 

Full 

2030 

165-24-F 

1.67 

16   935 

169.4 

30.8 

845.3 

6 

Full 

2031 

83-40-F 

1.50 

7   723 

85.8 

15.6 

428.1 

10 

Full 

2032 

165-32-F 

0.67 

6   726 

168.1 

30.5 

838.8 

8 

Full 

2033 

110-48-F 

1.33 

8   793 

109.9 

20.0 

548.4 

12 

Full 

2034 

193-40-F 

1.00 

11   910 

198.5 

36.0 

990.5 

10 

Full 

2035 

110-40-F 

1.17 

7   830 

111.8 

20.3 

557.9 

10 

Full 

2037 

165-40-F 

1.00 

10   160 

169.3 

30.7 

844.8 

10 

Full 

2038 

55-24-F 

1.83 

5   586 

50.8 

9.2 

253.4 

6 

Full 

2039 

110-32-F 

1.50 

9   896 

110.0 

20.0 

548.7 

8 

Full 

2040 

165-40-F 

1.00 

10   127 

168.8 

30.7 

842.2 

10 

Full 

2041 

110-40-F 

1.17 

7   709 

110.1 

20.0 

549.5 

10 

Full 

2042 

110-24-F 

2.00 

13    190 

109.9 

20.0 

548.5 

6 

Full 

2043 

110-48-F 

1.17 

7   681 

109.7 

19.9 

547.6 

12 

Full 

2044 

110-56-F 

1.00 

6  585 

109.8 

19.9 

547.7 

14 

Full 

2045 

110-16-F 

2.17 

14  277 

109.8 

19.9 

548.0 

4 

Full 

2072 

110-40-F 

1.00 

6   575 

109.6 

19.9 

546.8 

10 

Full 

2073 

110-32-F 

1.33 

8    751 

109.4 

19.9 

545.9 

8 

Full 

2074 

165-32-F 

1.00 

10   178 

169.6 

30.8 

846.3 

8 

Full 

2075 

55-32-F 

2.33 

7   081 

50.6 

9.2 

252.3 

8 

Full 

2076 

220-32-F 

0.58 

8    047 

229.9. 

41.7 

1147.2 

8 

Full 

2077 

110-24-F 

1.83 

12    174 

110.7 

20.1 

552.2 

6 

Full 

2078 

165-24-F 

1.17 

11   830 

169.0 

30.7 

843.3 

6 

Full 

2079 

220-24-F 

1.00 

13   914 

231.9 

42.1 

1157.2 

6 

Full 

2080 

110-16-F 

2.17 

14   346 

110.4 

20.0 

550.7 

4 

Full 

2081 

55-24-F 

2.50 

7   593 

50.6 

9.2 

252.5 

6 

Full 

2082 

165-40-F 

0.83 

8   484 

169.7 

30.8 

846.7 

10 

Full 

2083 

165-16-F 

1.67 

17   031 

170.3 

30.9 

849.8 

4 

Full 

2084 

110-48-F 

0.83 

5   519 

110.4 

200 

550.8 

12 

Full 

2085 

55-40-F 

2.00 

6   136 

51.1 

9.3 

255.1 

10 

Full 

2086 

55-24-F 

2.83 

8   725 

51.3 

9.3 

256.1 

6 

Full 

2087 

110-16-F 

2.50 

16   660 

111.1 

20.2 

554.4 

4 

Full 

2088 

220-16-F 

1.67 

23   418 

234.2 

42.5 

1168.6 

4 

Full 

2089 

220-40-F 

0.58 

8   075 

230.7 

41.9 

1151.2 

10 

Full 

2092 

165-32-F 

0.83 

8   425 

168.5 

30.6 

840.8 

8 

Full 

2093 

165-48-F 

0.50 

5   023 

167.4 

30.4 

835.5 

12 

Full 

2094 

110-56-F 

0.42 

2   772 

110.9 

20.1 

553.3 

14 

Full 

2095 

55-48-F 

1.00 

3   077 

51.3 

9.3 

255.9 

12 

Full 

2096 

55-40-F 

1.50 

4   636 

51.5 

9.4 

257.0 

10 

Full 

2097 

55-32-F 

1.83 

5   732 

52.1 

9.5 

260.0 

8 

Full 

2098 

55-48-F 

0.83 

2   587 

51.7 

9.4 

258.2 

12 

Full 

2090 

110-24-F 

1.00 

6   640 

110.7 

20.1 

552.2 

6 

Full 

2091 

165-32-F 

0.50 

5   079 

169.3 

30.7 

844.8 

8 

Full 
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Table  14. 

Temperature  and  Pressure 


1 

Laboratory 
Designation 

Temperature,  Deg 

Fahr. 

Pressure, 
lb.  per  sq.  in. 

Test  | 
No. 

Front- 

Laboratory 

Feed 

Fire 

Boiler, 

Aver- 

Labor- 

atory 

end 

Dry 

Wet 

Water 

Box 

Baro- 

Bulb 

Bulb 

age 

metric 

DodeltemA 

367 

368 

369 

373 

374 
1950 

380 
3  90.5 

388 

~2009~ 

138-16-F 

93 

75 

64.1 

14.3 

2010 

193-20-F 

761 

62 

57 

59.3 

2081 

192.0 

14.4 

2012 

138-24-F 

712 

86 

69 

61.7 

1959 

191.8 

14.4 

2013 

138-32-F 

754 

87 

70 

62.2 

1957 

190.1 

14.4 

2014 

193-32-F 

751 

94 

75 

62.9 

191.5 

14.4 

2015 

193-24-F 

702 

97 

75 

61.7 

192.1 

14.4 

2016 

193-16-F 

671 

94 

75 

63.4 

193.9 

14.4 

2017 

83-16-F 

619 

93 

76 

72.2 

193.4 

14.4 

2018 

83-24-F 

649 

92 

71 

64.0 

194.2 

14.3 

2019 

83-32-F 

684 

86 

73 

62.1 

193.8 

14.3 

2020 

83-24-F 

499 

70 

61 

64.9 

190.7 

14.4 

2021 

83-16-F 

494 

63 

53 

57.8 

1552 

193.7 

14.5 

2022 

83-32-F 

554 

66 

56 

58.3 

1808 

189.9 

14.5 

2023 

138-40-F 

639 

64 

55 

57.7 

1898 

190.8 

14.4 

2024 

55-24-F 

517 

66 

51 

59.3 

1829 

196.3 

14.5 

2026 

110-16-F 

531 

58 

52 

61.0 

1748 

196.9 

14.5 

2027 

110-24-F 

552 

64 

56 

60.2 

1677 

196.8 

14.4 

2028 

55-32-F 

515 

66 

58 

70.4 

1700 

198.1 

14.4 

2029 

110-32-F 

560 

73 

65 

60.9 

1690 

197.1 

14.4 

2030 

165-24-F 

565 

76 

68 

60.2 

1636 

196.5 

14.3 

2031 

83-4 0-F 

570 

72 

66 

60.6 

1811 

196.4 

14.3 

2032 

165-32-F 

613 

71 

66 

59.6 

1C30 

196.8 

14.3 

2033 

110-48-F 

603 

73 

67 

60.6 

1806 

196.0 

14.3 

2034 

193-40-F 

632 

76 

69 

59.8 

1879 

192.1 

14.3 

2035 

110-40-F 

589 

73 

65 

61.7 

1663 

194.3 

14.3 

2037 

165-40-F 

651 

75 

69 

60.8 

1800 

196.1 

14.4 

2038 

55-24-F 

510 

64 

52 

58.2 

1544 

198.3 

14.5 

2039 

110-32-F 

578 

62 

55 

59.1 

1815 

197.1 

14.5 

2040 

165-40-F 

640 

64 

55 

57.9 

1828 

190.3 

14.5 

2041 

110-40-F 

621 

58 

52 

55.0 

1800 

192.3 

14.5 

2042 

110-24-F 

557 

59 

53 

57.1 

1758 

196.8 

14.5 

2043 

110-48-F 

646 

55 

50 

58.4 

1856 

194.4 

14.5 

2044 

110-56-F 

686 

54 

48 

56.8 

1871 

190.1 

14.4 

2045 

110-16-F 

551 

61 

54 

59.6 

1775 

197.1 

14.4 

2072 

110-40-F 

620 

59 

54 

59.5 

1643 

196.7 

14.4 

2073 

110-32-F 

595 

53 

48 

56.9 

1662 

197.6 

14.5 

2074 

165-32-F 

637 

59 

52 

59.7 

1662 

197.1 

14.4 

2075 

55-32-F 

543 

58 

52 

58.1 

1661 

198.1 

14.4 

2076 

220-32-F 

675 

63 

54 

60.1 

1785 

196.0 

14.4 

2077 

110-24-F 

565 

58 

51 

58.7 

1570 

196.0 

14.3 

2078 

165-24-F 

595 

62 

53 

58.4 

1597 

196.4 

14.5 

2079 

220-24-F 

614 

64 

54 

58.8 

1688 

197.4 

14.5 

2080 

110-16-F 

534 

60 

53 

59.7 

1418 

198.8 

14.6 

2081 

55-24-F 

507 

63 

54 

57.9 

1407 

198.2 

14.6 

2082 

165-40-F 

673 

55 

51 

63.6 

1458 

195.2 

14.3 

2083 

165-16-F 

563 

62 

54 

60.5 

1267 

198.7 

14.4 

2084 

110-48-F 

653 

60 

56 

52.6 

194.0 

14.5 

2085 

55-40-F 

545 

62 

55 

44.7 

197.9 

14.4 

2086 

55-24-F 

506 

67 

57 

56.2 

199.1 

14.4 

2087 

110-16-F 

524 

69 

59 

59.5 

199.2 

14.3 

2088 

220-16-F 

563 

73 

61 

58.1 

197.8 

14.2 

2089 

220-4 0-F 

703 

59 

50 

58.4 

194.9 

14.4 

2092 

165-32-F 

643 

52 

49 

59.4 

198.4 

14.4 

2093 

165-48-F 

702 

60 

52 

59.3 

191.5 

14.3 

2094 

110-56-F 

679 

65 

58 

59.0 

196.3 

14.2 

2095 

55-48-F 

567 

60 

53 

60.0 

198.1 

14.2 

2096 

55-40-F 

584 

61.4 

196.1 

14.4 

2097 

55-32-F 

573 

58.6 

198.8 

14.4 

2098 

55-48-F 

611 

59.2 

198.2 

14.4 

2090 

110-24-F 

i  552 

67 

58 

60.1 

199.0 

14.4 

2091 

165-32-F 

626 

64 

1   57 

59.5 

198.6 

14.4 

94 
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Table  15. 
Draft,  Injectors,  Quality  of  Steam. 


Draft,  in. 

of  Water 

Injectors 

in  Action 

Quality 

Factor 
of 

Test 
No. 

Laboratory 
Designation 

Front-end 
Front     Back 

Fire 
Box 

Ash 
Pan 

Right, 
Total 

Left, 
Total 

Right, 
No.  of 

Left, 
No.  of 

of 

Steam 

in 

Correc- 
tion for 
Quality 

of  Dia- 

of Dia- 

Hours 

Hours 

Times 

rimes 

Dome 

of 

phragm 

phragm 

Steam 

iCodeltemay 

394 

S95 

S96 

S97 

403 

404 

405 

406 

407 

412 

2009 

138-16-F 

3.7 

2.6 

1.6 

0.990 

0.9919 

2010 

193-20-F 

5.5 

3.9 

2.1 

0.987 

0.9908 

2012 

138-24-F 

5.8 

4.0 

2.1 

0.989 

0.9918 

2013 

138-32-F 

7.6 

5.1 

2.7 

0.985 

0.9888 

2014 

193-32-F 

9.1 

6.0 

3.2 

0.984 

0.9883 

2015 

193-24-F 

7.3 

4.9 

2.8 

0.987 

0.9908 

2016 

193-16-F 

5.0 

3.5 

2.0 

0.989 

0.9919 

2017 

83-16-F 

2.7 

1.9 

0.9 

0.991 

0.9935 

2018 

83-24-F 

3.9 

2.7 

1.5 

0.993 

0.9949 

2019 

83-32-P 

5.4 

3.7 

2.0 

0.991 

0.9935 

2020 

83-24-F 

3.4 

2.3 

1.2 

1.6 

0.0 

19 

0 

0.9929 

0.9949 

2021 

83-16-F 

2.2 

1.4 

0.7 

1.3 

0.0 

29 

0 

0.9945 

0.9961 

2022 

83-32-F 

4.8 

3.0 

1.6 

2.0 

0.0 

3 

0 

0.9956 

0.9968 

2023 

138-40-F 

9.0 

5.6 

2.1 

0.5 

1.5 

26 

1 

0.9930 

0.9950 

2024 

55-24-F 

2.6 

1.6 

1.0 

1.2 

0.0 

37 

0 

0.9950 

0.9964 

2026 

110-16-F 

2.9 

1.9 

1.0 

1.4 

0.0 

50 

0 

0.9895 

0.9925 

2027 

110-24-F 

4.7 

2.7 

1.5 

2.1 

0.0 

33 

0 

0.9914 

0.9938 

2028 

55-32-F 

3.2 

2.2 

1.1 

2.1 

0.0 

32 

0 

0.9912 

0.9936 

2029 

110-32-F 

6.1 

3.9 

1.8 

1.5 

0.0 

3 

0 

0.9902 

0.9930 

2030 

165-24-P 

6.2 

3.9 

2.0 

1.7 

0.0 

1 

0 

0.9894 

0.9924 

2031 

83-40-F 

6.8 

4.3 

2.2 

1.5 

0.1 

1 

4 

0.9896 

0.9926 

2032 

165-32-F 

8.4 

4.9 

2.3 

0.7 

0.1 

1 

5 

0.9862 

0.9901 

2033 

110-48-P 

8.2 

5.1 

2.2 

0.3 

1.3 

16 

1 

0.9867 

0.9904 

2034 

193-40-F 

10.7 

6.6 

2.3 

0.6 

1.0 

17 

1 

0.9857 

0.9898 

2035 

110-40-F 

8.4 

5.2 

2.7 

0.5 

1.2 

13 

1 

0.9833 

0.9879 

2037 

165-40-F 

10.2 

6.2 

3.2 

0.5 

0.0 

24 

0 

0.9860 

0.9900 

2038 

55-24-F 

2.6 

1.7 

1.1 

0.3 

1.8 

0.0 

1 

0 

0.9934 

0.9953 

2039 

110-32-F 

6.9 

4.5 

2.4 

0.6 

1.5 

0.0 

1 

0 

0.9917 

0.9941 

2040 

165-40-F 

9.9 

6.8 

3.2 

0.6 

0.6 

1.0 

16 

1 

0.9917 

0.9940 

2041 

110-40-F 

8.7 

5.5 

2.2 

0.5 

0.3 

1.2 

20 

1 

0.9900 

0.9852 

2042 

110-24-F 

4.9 

3.2 

1.7 

0.4 

2.0 

0.0 

1 

0 

0.9932 

0.9952 

2043 

110-48-F 

9.7 

5.9 

2.4 

0.7 

0.6 

1.2 

24 

1 

0.9866 

0.9904 

2044 

110-56-F 

11.8 

7.5 

3.2 

0.7 

0.8 

1.0 

5 

1 

0.9900 

0.9928 

2045 

110-16-F 

3.2 

2.2 

1.1 

0.3 

2.2 

0.0 

1 

0 

0.9934 

0.9953 

2072 

110-40-F 

8.0 

4.9 

2.0 

0.7 

0.3 

1.0 

20 

1 

0.9895 

0.9925 

2073 

110-32-F 

5.7 

3.5 

1.6 

0.5 

1.3 

0.0 

1 

0 

0.9919 

0.9942 

2074 

165-32-F 

8.5 

5.3 

2.4 

0.5 

0.5 

0.9 

21 

1 

0.9861 

0.9901 

2075 

55-32-F 

2.8 

1.8 

0.9 

0.3 

2.3 

0.0 

1 

0 

0.9952 

0.9970 

2076 

220-32-F 

9.2 

5.7 

2.8 

0.5 

3.8 

0.6 

10 

1 

0.9844 

0.9888 

2077 

110-24-F 

4.1 

2.5 

1.3 

0.4 

1.8 

0.0 

3 

0 

0.9947 

0.9963 

2078 

165-24-F 

6.0 

3.9 

1.9 

0.5 

1.2 

0.1 

3 

3 

0.9915 

0.9939 

2079 

220-24-F 

7.0 

4.8 

2.3 

0.4 

0.1 

1.0 

13 

1 

0.9889 

0.9921 

2080 

110-16-F 

2.9 

2.0 

1.0 

0.2 

2.2 

0.0 

1 

0 

0.9956 

0.9968 

2081 

55-24-F 

2.2 

1.5 

0.7 

0.2 

2.5 

0.0 

4 

0 

0.9963 

0.9974 

2082 

165-40-F 

11.2 

7.3 

3.4 

0.6 

0.4 

0.8 

18 

1 

0.98861 

0.9917 

2083 

165-16-F 

4.3 

2.7 

1.6 

0.4 

1.7 

0.0 

1 

0 

0.9934 

0.9953 

2084 

110-48-F 

10.0 

6.3 

2.9 

0.8 

0.8 

0.4 

21 

1 

0.9896 

0.9926 

2085 

55-40-F 

4.0 

2.5 

1.1 

0.3 

2.0 

0.0 

1 

0 

0.9962 

0.9973 

2086 

55-24-F 

2.2 

1.4 

0.7 

0.3 

2.8 

0.0 

1 

0 

0.9963 

0.9974 

2087 

110-16-F 

2.9 

1.9 

0.9 

0.2 

2.5 

0.0 

1 

0 

0.9956 

0.9968 

2088 

220-16-F 

4.5 

2.9 

1.2 

0.3 

1.7 

0.0 

1 

0 

0.9919 

0.9942 

2089 

220-40-F 

11.9 

7.1 

3.5 

0.7 

0.6 

0.6 

3 

1 

0.9884 

0.9917 

2092 
2093 
2094 
2095 
2096 
2097 
2098 

165-32-F 
165-48-F 
110-56-P 
55-48-F 
55-40-P 
55-32-F 
55-48-F 

8.2 
12.8 
12.1 
5.3 
4.2 
3.2 
5.4 

5.1 
7.8 
7.3 
3.0 
2.6 
2.3 
3.7 

2.2 

3.4 

3.0 

1.5 

1.2       . 

1.0 

1.9 

0.6 
0.9 
0.8 
0.4 
0.4 
0.5 
0.8 

0.3 
0.3 
0.4 
1.0 
1.5 
1.8 
0.8 

0.8 
0.5 
0.4 
0.0 
0.1 
0.0 
0.0 

16 
3 

2 
1 

1 
1 

1 

1 
1 
1 

0 

1 

0 
0 

0.9894 
0.9879 
0.9887 
0.9943 
0.9891 
0.9853 
0.9840 

0.9924 
0.9913 
0.9919 
0.9959 
0.9922 
0.9895 
0.9885 

2090 
2091 

110-24-F 
165-32-F 

4.2 
8.2 

2.9 
4.9 

1.1 

2.1       1 

0.3 
0.6 

1.0 
0.2 

0.0 
0.5 

1 
8 

0 

1 

0.9952 
0.9911 

0.9966 
0.9936 
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Table  16. 
Coal,  Cinders,  Ash,  Smoke,  and  Humidity. 


Laboratory 
Designation 


Coal 

Fired 

Total, 

lb. 


Dry 
Coal 
Fired 
Total, 
lb. 


Combust-  Ash 

ible  by  j      by 

Analysis  Analysis 

Total,  Total, 

lb.  lb. 


Front- 
end 
Cinders 
Total, 
lb. 


Stack 

Cinders 

Total, 

lb. 


Front 
End  and 

Stack 
Cinders 

Total, 
lb. 


Code  Itemi^ 

418 

419 

138-16-F 

7497 

6613 

193-20-F 

5147 

4537 

138-24-F 

7657 

1  6797 

138-32-F 

7832 

7124 

193-32-F 

7978 

7230 

193-24-F 

8298 

7391 

193-16-F 

8603 

7595 

83-16-F 

6535 

5872 

83-24-F 

7589 

6765 

83-32-F 

7793 

6965 

83-24-F 

5416 

4943 

83-16-F 

5040 

4422 

83-32-F 

8198 

7346 

138-40-F 

11556 

10031 

55-24-F 

4104 

3628 

110-16-F 

5693 

4969 

110-24-F 

9322 

8139 

55-32-F 

6414 

5615 

110-32-F 

7257 

6363 

165-24-F 

7501 

6689 

83-40-F 

7686 

6366 

165-32-F 

4104 

3568 

110-48-F 

7940 

6835 

193-40-F 

8916 

7767 

110-40-F 

7590 

6493 

165-40-F 

7625 

6554 

55-24-F 

4202 

3688 

110-32-F 

7678 

6775 

165-40-F 

8515 

7482 

110-40-F 

7957 

6838 

110-24-F 

7771 

6713 

110-48-F 

9979 

8637 

110-56-F 

9623 

8361 

110-16-F 

6061 

5258 

110-40-F 

6802 

5927 

110-32-F 

6703 

5812 

165-32-F 

6766 

6015 

55-32-F 

6236 

5430 

220-32-F 

5394 

4568 

110-24-F 

6896 

6015 

165-24-F 

6332 

5492 

220-24-F 

6332 

5783 

110-16-F 

6031 

5248 

55-24-F 

5591 

4937 

165-40-F 

8506 

7495 

165-16-F 

6453 

5564 

110-48-F 

7592 

6595 

55-40-F 

6991 

6116 

55-24-F 

6660 

5860 

110-16-F 

7004 

6185 

220-16-F 

6445 

5588 

220-4 O-F 

7401 

6491 

165-32-F 

5491 

4700 

165-48-F 

6933 

5108 

110-56-F 

4095 

3514 

55-48-F 

3799 

3334 

55-40-F 

55-32-F 

55-48-F 

110-24-F 

3605 

3176 

165-32-F 

3028 

2626 

420 


421 


5786 
3943 
5835 
6119 
6153 
6365 
6368 
5079 
5795 
6096 
4318 
3837 
6222 
8637 
3171 
4265 
7075 
4887 
5445 
5888 
5414 
3037 
5839 
6501 
5575 
5631 

2985 
5639 
6325 
5851 
5720 
7431 
7080 
4369 

5103 
5116 
5206 
4791 
3983 
5240 
4786 
5121 
4666 
4355 
6624 
4847 
5633 
5353 
5082 
5337 
4688 
5558 
4128 
4444 
3055 
2854 


2772 
2302 


832 

593 

962 

1005 

1077 

1026 

1228 

793 

970 

865 

625 

585 

1124 

1394 

456 

704 

1064 

729 

918 

801 

952 

532 

996 

1266 

918 

923 

703 
1136 
1157 

987 

992 
1205 
1282 

889 

824 
694 
805 
639 
585 
775 
706 
662 
581 
582 
871 
717 
963 
763 
778 
847 
900 
933 
572 
664 
459 
480 


404 
324 


422 

423 

26 

413 

10 

507 

9- 

648 

10 

925 

9 

1045 

12 

1092 

11 

681 

12 

187 

29 

380 

14 

586 

16 

286 

22 

243 

8 

898 

7 

2075 

20 

115 

25 

279 

20 

745 

14 

372 

15 

869 

11 

856 

13 

944 

10 

662 

10 

1219 

10 

1499 

6 

934 

11 

1206 

19 

126 

17 

808 

10 

1617 

6 

1218 

6 

663 

17 

1829 

10 

1771 

23 

453 

1140 

12 

736 

3 

949 

13 

385 

14 

1057 

14 

449 

16 

758 

14 

873 

15 

210 

18 

155 

19 

1640 

21 

432 

20 

1244 

17 

434 

17 

310 

18 

296 

17 

456 

13 

1728 

12 

698 

10 

1391 

13 

811 

10 

250 

14 

312 

12 

431 

424 


439 

517 

657 

935 

1054 

1104 

692 

199 

409 

600 

302 

265 

906 

2082 

135 

304 

765 

386 

884 

867 

957 

672 

1229 

1509 

940 

1217 

145 

825 
1627 
1224 

669 
1846 
1781 

476 


748 
952 
398 

1071 
463 
774 
887 
225 
173 

1659 
453 

1264 
451 
327 
314 
473 

1741 
710 

1401 
824 
260 


326 
443 
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Table  17. 
Coal,  Cinders,  Ash,  Smoke,  and  Humidity. 


Laboratory 
Designation 

CodettemAi5 

Cinder 

Loss, 

Per  cent 

of  Total 

Dry  Coal 

Fired 

426 

Stack 

Cinder 

Loss. 

Per  cent 

of  Total 

Dry  Coal 

Fired 

Ash  from  Ash 

Pan 

Smoke 

Humidity 

Test 
No. 

Total, 
lb. 

Per  cent 

of  Total 

Dry  Coal 

Fired 

Per  cent 

of  Ash 

by 

Analysis 

Per  cent  of 
Blackness 
by  Ringle- 

mann 

Chart 

Moisture 
per  lb. 

of 

Dry  Air, 

lb. 

427 

428   1 
172 

429 
2.6 

430 

20.7 

431 

435 

2009 

138-16-F 

6.6 

6.2 

.014 

2010 

193-20-F 

11.4 

11.2 

69 

1.5 

11.6 

.008 

2012 

138-24-F 

9.7 

9.5 

318 

4.7 

33.0 

.011 

2013 

138-32-F 

13.1 

13.0 

301 

4.2 

30.0 

.011 

2014 

193-32-F 

14.6 

14.5 

159 

2.2 

14.7 

.014 

2015 

193-24-F 

14.9 

14.8 

557 

7.5 

54.2 

.014 

2016 

193-16-F 

9.1 

9.0 

445 

5.9 

36.2 

.014 

2017 

83-16-F 

3.4 

3.2 

295 

5.0 

37.2 

.015 

2018 

83-24-F 

6.1 

5.6 

309 

4.6 

31.9 

.011 

2019 

83-32-F 

8.6 

8.4 

387 

5.6 

44.5 

.014 

2020 

83-24-F 

6.1 

5.8 

151 

3.1 

24.2 

.010 

2021 

83-16-F 

6.0 

5.5 

455 

10.3 

77.8 

.006 

2022 

83-32-F 

12.3 

12.2 

568 

7.7 

50.5 

.010 

2023 

138-40-F 

20.8 

20.7 

631 

6.3 

45.3 

.007 

2024 

55-24-F 

3.7 

3.2 

202 

5.6 

44.3 

.005 

2026 

110-16-F 

6.1 

5.6 

390 

7.9 

55.4 

45 

.007 

2027 

110-24-F 

9.4 

9.2 

513 

6.3 

48.2 

43 

.008 

2028 

55-32-F 

6.9 

6.6 

429 

7.6 

58.9 

20 

.009 

2029 

110-32-F 

13.9 

13.7 

503 

7.9 

54.8 

44 

.011 

2030 

165-24-F 

13.0 

12.8 

374 

5.6 

46.7 

55 

.013 

2031 

83-40-F 

15.0 

14.8 

434 

6.8 

45.6 

.012 

2032 

165-32-F 

18.8 

18.6 

222 

6.2 

41.7 

51 

.013 

2033 

110-48-F 

18.0 

17.8 

409 

6.0 

41.1 

.013 

2034 

193-40-F 

19.4 

19.3 

645 

8.3 

51.0 

.014 

2035 

110-40-F 

14.5 

14.4 

518 

8.0 

56.4 

.011 

2037 

165-40-F 

18.6 

18.4 

445 

6.8 

48.2 

.014 

2038 

55-24-F 

3.9 

3.4 

280 

7.6 

39.8 

.006 

2039 

110-32-F 

12.2 

11.9 

476 

7.0 

41.9 

.008 

2040 

165-40-F 

21.8 

21.6 

393 

5.3 

34.0 

.007 

2041 

110-40-F 

17.9 

17.8 

400 

5.9 

40.5 

.007 

2042 

110-24-F 

10.0 

9.9 

410 

6.1 

41.3 

.007 

2043 

110-48-F 

21.4 

21.2 

463 

5.4 

38.4 

.006 

2044 

110-56-F 

21.3 

21.2 

410 

4.9 

32.0 

.006 

2045 

110-16-F 

9.0 

8.6 

400 

7.6 

45.0 

32 

.007 

2072 

110-40-F 

19.2 

273 

4.6 

33.1 

42 

.008 

2073 

110-32-F 

12.9 

12.7 

336 

5.8 

48.4 

35 

.006 

2074 

165-32-F 

15.8 

15.8 

416 

6.9 

51.7 

45 

.007 

2075 

55-32-F 

7.3 

7.1 

216 

4.0 

33.8 

20 

.007 

2076 

220-32-F 

23.4 

23.1 

313 

6.9 

53.5 

.007 

2077 

110-24-F 

7.7 

7.5 

200 

3.3 

25.8 

.006 

2078 

165-24-F 

14.1 

13.8 

282 

5.1 

39.9 

.007 

2079 

220-24-F 

15.3 

15.1 

569 

9.8 

86.0 

.007 

2080 

110-16-F 

4.3 

4.0 

428 

8.2 

73.7 

.007 

2081 

55-24-F 

3.5 

3.1 

427 

8.7 

73.4 

.007 

2082 

165-40-F 

22.1 

21.9 

576 

7.7 

66.1 

.007 

2083 

165-16-F 

8.2 

7.8 

564 

10.1 

78.7 

.007 

2084 

110-48-F 

19.2 

18.9 

501 

7.6 

52.0 

.008 

2085 

55-40-F 

7.4 

7.1 

530 

8.7 

69.5 

.008 

2086 

55-24-F 

5.6 

5.3 

555 

9.5 

71.3 

.008 

2087 

110-16-F 

5.1 

4.8 

604 

9.8 

71.3 

.008 

2088 

220-16-F 

8.5 

8.2 

523 

9.4 

58.1 

.008 

2089 

220-40-F 

26.8 

26.6 

429 

6.6 

46.0 

.006 

2092 

165-32-F 

15.1 

14.9 

357 

7.6 

62.4 

.006 

2093 

165-48-F 

27.4 

27.2 

495 

9.7 

74.5 

.006 

2094 

110-56-F 

23.5 

23.1 

234 

6.7 

51.0 

.008 

2095 

55-48-F 

7.8 

7.5 

256 

7.7 

53.3 

.007 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

10.3 

9.8 

315 

9.9 

78.0 

.008 

2091 

165-32-F 

16.9 

16.4 

260 

9.9 

80.3 

.008 
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Table  18. 

Coal  Analysis. 

Proximate  Analysis 

Ultimate  Analysis 

Co 

il  as  Fired 

Calorific 

Coal  as 

Fired 

Test 
No. 

Des.gnation  Carbon>  Matter,  Moisture,; 

Ash, 

Sulphur 
Separ- 
ately 

Value 
per  lb. 
of  Coal  C 
as  Fired, 
B.t.u. 

Carbon, i 
per 

Hydro- 
gen, 

Nitro- 
gen. 

Oxy- 
gen, 

per 

per 

per  cent 

per 

Deter- 

per 

per 

per 

cent 

cent 

cent 

mined, 

cent 

cent 

cent 

1 

per  cent 

I( 

3odeItem£2r 
~138-16-F 

437  | 
38.21 

438 

440 

441 

442   1 

443 
11  083 

449  ; 
61.68 

450  1 
4.48 

451  j 
0.85 

452 

2009 

38.97 

11.72 

11.10 

2.33 

7.84 

2010 

193-20-F 

37.71 

38.90 

11.86 

11.53 

3.54 

10  959 

60.22 

4.37  1 

0.83 

7.65 

2012 

138-24-F 

38.08 

38.12 

11.23 

12.57 

3.43 

10  901 

59.97 

4.36 

0.83 

7.62 

2013 

138-32-F 

38.92 

39.21 

9.04 

12.83 

3.56 

11  135 

61.45 

4.46 

0.85 

7.81 

2014 

193-32-F 

38.14 

38.99 

9.37 

13.50 

3.43 

11  042 

60.74 

4.41 

0.84 

7.72 

2015 

193-24-F 

38.16 

38.55 

10.92  , 

12.37 

3.51 

10  963 

60.32 

4.38 

0.83 

7.66 

2016 

193-16-F 

36.86 

37.16 

11.71 

14.27 

4.16 

10  588 

57.57 

4.18 

0.79 

7.31 

2017  1 

83-16-F 

38.80 

38.92 

10.15 

12.13 

3.50 

11  179 

61.17 

4.44 

0.84 

7.72 

2018 

83-24-F 

38.25 

38.11 

10.86 

12.78 

3.12 

10  932 

60.36 

4.38 

0.83 

7.67 

2019 

83-32-F 

37.68 

40.55 

10.62 

11.15 

3.13 

11  192 

61.89 

4.43 

0.85 

7.86 

2020 

83-24-F 

39.40 

40.33 

8.73 

11.54 

3.86 

11  228 

62.42 

3.80 

1.61 

8.03 

2021  I 

83-16-F 

37.59 

38.54 

12.27 

11.60 

3.69 

10  768 

59.60 

3.63 

1.54 

7.67 

2022 

83-32-F 

37.57 

38.33 

10.39 

13.71 

4.36 

10  642 

58.86 

3.59 

1.52 

7.57 

2023 

138-40-F 

36.41 

38.33 

13.20 

12.06 

4.38 

10  686 

57.89 

3.53 

1.50 

7.45 

2024 

55-24-F 

37.02 

40.25 

11.61 

11.12 

3.41 

11  236 

60.77 

3.70 

1.57 

7.82 

2026 

110-16-F 

35.94 

38.98 

12.72 

12.36 

3.68 

10  743 

58.61 

3.57 

1.51 

7.54 

2027 

110-24-F 

37.38 

38.52 

12.69 

11.41 

3.42 

11  078 

59.64 

3.63 

1.54 

7.67 

2028  . 

55-32-F 

37.11 

39.08 

12.45  1 

11.36 

3.21 

11  077 

60.05 

3.66 

1.55 

7.72 

2029 

110-32-F 

35.06 

39.97 

12.32 

12.65 

3.67 

10  948 

58.71 

3.58 

1.52 

7.55 

2030 

165-24-F 

38.03 

40.46 

10.83 

10.68 

3.61 

11  376 

61.61 

3.75 

1.59 

7.92 

2031 

83-40-F 

34.11 

36.33 

17.18 

12.38 

3.15 

9  929 

55.36 

3.37 

1.43 

7.12 

2032 

165-32-F 

35.55 

38.44 

13.05 

12.96 

4.36 

10  644 

57.29 

3.49 

1.48 

7.37 

2033 

110-48-F 

35.99 

37.55 

13.92 

12.54 

4.16 

10  539 

57.08 

3.48 

1.48 

7.34 

2034 

193-40-F 

34.86 

38.05 

12.89 

14.20 

3.99 

10  309 

56.71 

3.45 

1.47 

7.29 

2035 

110-40-F 

34.41 

39.04 

14.46 

12.09 

4.09 

10  547 

57.07 

3.48 

1.48 

7.34 

2037 

165-40-F 

35.69 

38.10 

14.05 

12.10 

4.31 

10  693 

57.22 

3.49 

1.48 

7.36 

2038 

55-24-F 

34.50 

36.54 

12.24 

16.72 

3.63 

10  041 

55.46 

3.38 

1.43 

7.13 

2039 

110-32-F 

35.80 

37.65 

11.76 

14.79 

4.36 

10  355 

56.85 

3.46 

1.47 

7.31 

2040 

165-40-F 

35.58 

38.70 

12.13 

13.59 

4.19 

10  688 

57.67 

3.51 

1.49 

7.42 

2041 

110-40-F 

35.64 

37.89 

14.06 

12.41 

3.55 

10  550 

57.58 

3.51 

1.49 

7.41 

2042 

110-24-F 

36.24 

37.37 

13.62 

12.77 

3.73 

10  602 

57.50 

3.50 

1.49 

7.39 

2043 

110-48-F 

36.48 

37.99 

13.45 

12.08 

3.50 

10  841 

58.39 

3.56 

1.51 

7.51 

2044 

110-56-F 

36.25 

37.32 

13.11 

13.32 

3.56 

10  594 

57.60 

3.51 

1.49 

7.41 

2045 

110-16-F 

35.43 

36.66 

13.25 

14.66 

4.55 

10  310 

55.57 

3.39 

1.44 

7.15 

2072 

110-40-F 

37.21 

37.81 

12.87 

12.11 

4.28 

10  857 

57.75 

4.27 

2.10 

6.62 

2073 

110-32-F 

38.60 

37.72 

13.33 

10.35 

3.78 

11  051 

59.21 

4.38 

2.15 

6.79 

2074 

165-32-F 

38.79 

38.16 

11.15 

11.90 

3.36 

11  173 

60.07 

4.44 

2.19 

6.89 

2075 

55-32-F 

38.85 

37.98 

12.93 

10.24 

3.59 

11  074 

59.79 

4.42 

2.18 

6.86 

2076 

220-32-F 

35.81 

38.03 

15.31 

10.85 

2.79 

10  602 

58.00 

4.29 

2.11 

6.65 

2077 

110-24-F 

37.94 

38.04 

12.78 

11.24 

3.64 

11  019 

59.05 

4.37 

i  2.15 

6.77 

2078 

165-24-F 

37.88 

37.71 

13.26 

11.15 

3.66 

10  858 

58.72 

4.34 

2.14 

6.73 

2079 

220-24-F 

40.44 

40.44 

8.67 

10.45 

3.56 

11  660 

63.12 

4.67 

2.30 

7.24 

2080 

1  110-16-F 

36.71 

40.66 

12.99 

9.64 

3.32 

11  178 

60.45 

4.47 

2.20 

6.93 

2081 

55-24-F 

38.17 

39.72 

11.70 

10.41 

3.29 

11  214 

60.90 

4.51 

2.22 

6.98 

2082 

1  165-40-F 

37.92 

39.95 

11.89 

1  10.24 

3.27 

11  125 

60.90 

4.51 

2.22 

6.98 

2083 

165-16-F 

36.71 

38.41 

13.77 

11.11 

3.16 

10  916 

58.74 

4.35 

2.14 

6.74 

2084 

110-48-F 

35.11 

39.08 

13  13 

12.68 

3.51 

10  689 

57.70 

4.27 

!  2.10 

6.62 

2085 

55-40-F 

37.53 

39.04 

12  52 

10.91 

3.13 

11  042 

59.95 

4.44 

2.18 

6.87 

2086 

55-24-F 

36.86 

39.45 

12.01 

11.68 

3.58 

11  075 

59.37 

4.39 

2.16 

6.81 

2087 

1  110-16-F 

36.77 

39.43 

11.70 

12.10 

3.68 

10  836 

59.20 

4.38 

2.15 

6.79 

2088 

220-16-F 

35.86 

36.88 

13.30 

13.96 

4.04 

10  487 

56.08 

4.15 

2.04 

6.43 

2089 

220-40-F 

36.54 

38.56 

12.30 

12.60 

3.33 

10  837 

58.59 

4.33 

2.13 

6.72 

2092 

165-32-F 

37.35 

37.83 

14.40 

10.42 

3.02 

10  802 

58.90 

4.36 

2.14 

6.75 

2093 

165-48-F 

37.16 

37.74 

13.90 

11.20 

2.69 

!  10  807 

58.95 

4.36 

2.14 

6.76 

2094 

110-56-F 

36.92 

37.68 

14.20 

11.20 

3.41 

10  662 

58.11 

4.30 

2.11 

6.66 

2095 

55-48-F 

37.26 

37.87 

12.24 

12.63 

2.89 

10  808 

j  58.97 

4.36 

2.15 

6.76 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

36.99   39.90 

11.91 

11.20 

3.51 

11  094 

59.90 

4.43 

2.18 

6.87 

2091 

165-32-F 

37.15  1  38.87 

'  13.28 

10.70 

1   3.99 

10  965 

58.80 

1  4.35 

1  2.14 

1  6.74 

!H 
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Table  19. 

Calorific  Value  of  Coal  and   Cinders,   Analysis  of  Front-end 

Gases. 


Laboratory 
Designation 

Calorific  Value,  B.t 

.u.  per 

lb. 

Analysis  of  Front-en« 

Gases 

Test 
No. 

Dry 
Coal 

Combust- 
ible 

Front- 
end 
Cinders 

Stack 

Cinders 

Ash 

Oxy- 
gen 

Carbon 
Mon- 
oxide 
CO 

Carbon 

Di- 
oxide 

CO, 

Nitro- 
gen 

CodeItem£S* 

458 

459 

461 

462 

463 

466 

467 

468 

469 

2009 

138-16-F 

12  553 

14  360 

7796 

6685 

5069 

10.9 

0.0 

8.1 

81.0 

2010 

193-20-F 

12  433 

14  305 

5544 

8947 

4587 

13.7 

0.0 

6.0 

80.3 

2012 

138-24-F 

12  280 

14  306 

6242 

8042 

4515 

13.7 

0.0 

5.7 

80.7 

2013 

138-32-F 

12  242 

14  252 

5312 

8779 

4785 

13.5 

0.1 

6.0 

80.6 

2014 

193-32-F 

12  184 

14  316 

5611 

9704 

4046 

11.4 

0.0 

7.4 

81.1 

2015 

193-24-F 

12  307 

14  291 

2586 

9438 

5297 

11.9 

0.0 

7.3 

80.8 

2016 

193-16-F 

11  992 

14  304 

6104 

8359 

4844 

12.1 

0.0 

7.1 

80.7 

2017 

83-16-F 

12  422 

14  384 

4821 

6112 

4624 

11.3 

0.1 

8.0 

80.5 

2018 

83-24-F 

12  265 

14  316 

6155 

7515 

4134 

11.0 

0.2 

8.3 

80.6 

2019 

83-32-F 

12  523 

14  307 

6523 

8218 

3272 

10.3 

0.2 

8.9 

80.6 

2020 

83-24-F 

12  302 

14  083 

5342 

6850 

6528 

10.7 

0.0 

8.7 

80.6 

2021 

83-16-F 

12  274 

14  144 

6573 

7659 

5267 

11.8 

0.0 

7.7 

80.5 

2022 

83-32-F 

11  875 

14  021 

3907 

9492 

3850 

11.8 

0.0 

8.0 

80.2 

2023 

138-40-F 

12  311 

14  298 

7357 

10341 

4842 

6.6 

0.0 

11.2 

82.2 

2024 

55-24-F 

12  712 

14  541 

5657 

6459 

4261 

10.9 

0.0 

8.0 

81.1 

2026 

110-16-F 

12  309 

14  339 

7003 

8311 

6064 

11.6 

0.0 

7.7 

80.7 

2027 

110-24-F 

12  688 

14  596 

6996 

8274 

4853 

10.8 

0.0 

8.1 

81.1 

2028 

55-3 2-F 

12  653 

14  539 

7109 

7864 

4032 

10.4 

0.0 

8.1 

81.5 

2029 

110-32-F 

12  486 

14  591 

4841 

8914 

5429 

9.5 

0.0 

9.4 

81.1 

2030 

165-24-F 

12  757 

14  494 

7007 

9867 

5618 

8.9 

0.0 

9.7 

81.4 

2031 

83-40-F 

11989 

14  096 

2985 

9677 

4262 

8.2 

0.2 

9.8 

81.8 

2032 

16 5-3 2-F 

12  242 

14  386 

7539 

4922 

6021 

2033 

110-48-F 

12  243 

14  331 

2798 

9888 

4685 

7.6 

0.0 

10.2 

82.2 

2034 

193-40-F 

11  835 

14  139 

6172 

10324 

5327 

7.0 

0.0 

10.4 

82.6 

2035 

110-40-F 

12  329 

14  359 

5839 

9698 

5547 

8.5 

0.0 

8.3 

83.2 

2037 

165-4 0-F 

12  441 

14  479 

6543 

10098 

5942 

6.0 

0.0 

10.8 

83.2 

2038 

55-24-F 

11442 

14  134 

6650 

5772 

6168 

10.0 

0.0 

8.4 

81.6 

2039 

110-32-F 

11  734 

14  098 

6127 

8557 

4341 

8.1 

0.0 

10.2 

81.7 

2040 

165-40-F 

12  164 

14  389 

49S6 

10227 

5659 

6.7 

0.1 

11.5 

81.7 

2041 

110-40-F 

12  276 

14  348 

6656 

9634 

5122 

8.1 

0.1 

10.5 

81.3 

2042 

110-24-F 

12  273 

14  403 

6850 

8425 

5361 

9.3 

0.0 

9.7 

81.0 

2043 

110-48-F 

12  523 

14  558 

1512 

10046 

4840 

7.0 

0.4 

11.7 

80.9 

2044 

110-56-F 

12  192 

14  400 

3755 

10654 

4400 

5.5 

0.4 

11.1 

83.0 

2045 

110-16-F 

11  885 

14  302 

7518 

6890 

4862 

11.5 

0.0 

7.3 

81.2 

2072 

110-40-F 

12  460 

14  472 

4659 

9926 

3920 

7.4 

0.3 

10.4 

81.9 

2073 

110-32-F 

12  751 

14  480 

4934 

9485 

5216 

7.7 

0.1 

9.8 

82.4 

2074 

16 5-3 2-F 

12  575 

14  520 

5873 

9780 

4331 

7.4 

0.5 

10.3 

81.8 

2075 

55-32-F 

12  718 

14  414 

6273 

6914 

4450 

10.7 

0.1 

8.0 

81.2 

2076 

2 2 0-3 2-F 

12  519 

14  358 

6331 

11014 

4871 

6.8 

0.2 

11.0 

82.0 

2077 

110-24-F 

12  633 

14  502 

8064 

8289 

7618 

9.1 

0.1 

9.2 

81.7 

2078 

165-24-F 

12  517 

14  364 

6129 

9454 

4168 

9.2 

0.0 

9.1 

81.7 

2079 

220-24-F 

12  767 

14  416 

6024 

9867 

5587 

8.1 

0.0 

9.9 

82.0 

2080 

110-16-F 

12  848 

14  448 

6337 

5522 

4451 

10.7 

0.2 

7.9 

81.2 

2081 

55-24-F 

12  700 

14  398 

5995 

6097 

4697 

11.5 

0.0 

7.1 

81.3 

2082 

165-40-F 

12  626 

14  287 

6573 

10548 

4792 

6.3 

0.0 

11.2 

82.5 

2083 

165-16-F 

12  660 

14  531 

7740 

9157 

5126 

9.5 

0.0 

9.2 

81.3 

2084 

110-48-F 

12  305 

14  408 

3484 

10655 

4604 

7.0 

0.0 

9.8 

83.1 

2085 

5 5-4 0-F 

12  622 

14  421 

7364 

9496 

4865 

9.4 

0.0 

8  9 

81.7 

2086 

55-24-F 

12  586 

14  513 

3244 

5777 

4358 

11.0 

0.1 

8.1 

80.8 

2087 

110-16-F 

12  272 

14  220 

5656 

6711 

4393 

10.1 

0.0 

8.6 

81.3 

2088 

220-16-F 

12  095 

14  418 

2770 

8456 

4132 

8.7 

0.0 

9.6 

81.7 

2089 

220-40-F 

12  356 

14  431 

5914 

10926 

3691 

4.3 

0.4 

12.2 

83.1 

2092 

165-32-F 

12  620 

14  368 

5266 

10165 

5022 

6.0 

0.1 

11.5 

82.5 

2093 

165-48-F 

12  551 

14  429 

5928 

10295 

6473 

4.7 

0.2 

12.4 

82.7 

2094 

110-56-F 

12  426 

14  292 

6159 

10447 

5525 

6.0 

0.1 

11.8 

82.1 

2095 

55^8-F 

12  315 

14  385 

8983 

8508 

4670 

9.4 

0.0 

9.7 

80.9 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

12  594 

14  429 

7406 

8440 

5118 

8.9 

0.1 

9.8 

81.3 

2091 

165-32-F 

12  626 

14  423 

7885 

9831 

5370 

7.2 

0.0 

10.5 

82.3 
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Table  20. 
Water  and  Drawbar  Pull. 


1 

Water 

Weight  of 

Correction 

Water  in 

for  Change 

Delivered 

Boiler  at 

of  Water 

Loss 

Drawbar 

Pull, 

lb. 

Test 

Laboratory 

to 

Start  of 

Level  and 

Loss 

From 

Pre- 

No. 

Designation 

Boiler 

Test  Minus 

Steam 

From 

Boiler 

sumably 
Evapo- 
rated, 
lb. 

by 

Weight  in 

Pressure 

Boiler, 

Cor- 

Injectors, 

Boiler  at 

in  Boiler, 

lb. 

rected, 

lb. 

Close  of 

Start  to 

lb. 

Test, 

Close, 

lb. 

lb. 

Code  Item&g' 

,   476 

477 

478 

481 

487 

2009 

138-16-F 

'  45  314 

+  294 

+  122 

45  436 

2010 

193-20-F 

28  122 

+  142 

+  147 

28  269 

2012 

138-24-F 

43  727 

+  47 

+  34 

43  761 

10  140 

2013 

138-32-F 

,   43  335 

+  317 

+  277 

43  612 

12  772 

2014 

193-32-F 

38  210 

-185 

-114 

38  096 

8  823 

2015 

193-24-F 

41  286 

+  140 

+  136 

41  422 

6  469 

2016 

193-16-F 

48  590 

-  94 

-  76 

48  514 

4  320 

2017 

83-16-F 

44  488 

-182 

-149 

44  339 

9  222 

2018 

83-24-F 

47  725 

-279 

-184 

47  542 

13  215 

2019 

83-32-F 

48  834 

-313 

-224 

48  610 

17  522 

2020 

83-24-F 

35  196 

+  94 

+  104 

35  300 

13  072 

2021 

83-16-F 

28  176 

-  50 

-  44 

28  132 

8  931 

2022 

83-32-F 

43  759 

0 

-  18 

43  741 

17  292 

2023 

138-40-F 

52  634 

+  141 

+  165 

52  799 

15  911 

2024 

55-24-F 

30  466 

-144 

-111 

30  355 

14  528 

2026 

110-16-F 

35  634 

+  49 

+  43 

35  677 

7  839 

2027 

110-24-F 

52  496 

+  47 

+  60 

52  556 

11  903 

2028 

55-32-F 

39  512 

+  51 

+  37 

39  549 

20  048 

2029 

110-32-F 

40  044 

+  250 

+  179 

40  223 

15  444 

2030 

165-24-F 

43  818 

+  47 

+  59 

43  876 

8  852 

2031 

83-40-F 

41  688 

+  49 

+  17 

41  704 

20  947 

2032 

165-32-F 

20  484 

+  144 

+  138 

20  622 

11  343 

2033 

110-48-F 

42  984 

+  203 

+  137 

43  121 

18  946 

2034 

193-4 0-F 

38  656 

+  193 

+  186 

38  842 

10  009 

2035 

110-40-F 

38  650 

+  288 

+  152 

38  802 

17  426 

2037 

165-40-F 

38  911 

-659 

-471 

38  440 

12  756 

2038 

55-24-F 

27  068 

-203 

-129 

26  939 

14  998 

2039 

110-32-F 

41779 

+  51 

+  87 

41  886 

15  477 

2040 

165-40-F 

37  933 

+  152 

+  197 

38  130 

13  869 

2041 

110-40-F 

39  277 

-152 

-  5 

39  272 

18  895 

2042 

110-24-F 

45  085 

+  50 

-  7 

. 

45  078 

12  680 

2043 

110-48-F 

44  973 

+  355 

+  341 

45  314 

21  800 

2044 

110-56-F 

43  838 

+  101 

+260 

44  098 

23  666 

2045 

110-16-F 

37  376 

-  51 

-  37 

37  339 

8  212 

2072 

110-40-F 

33  886 

0 

+  24 

33  910 

20  877 

2073 

110-32-F 

37  169 

+  260 

+  203 

37  372 

16  961 

2074 

165-32-F 

34  914 

0 

-  18 

34  896 

13  486 

2075 

55-32-F 

38  781 

-156 

-111 

38  670 

20  483 

2076 

220-32-F 

23  011 

-153 

-109 

22  902 

10  396 

2077 

110-24-F 

40  308 

-106 

-  45 

40  263 

12  512 

2078 

165-24-F 

33  546 

-102 

-  98 

33  448 

10  188 

2079 

220-24-F 

32  074 

-253 

-225 

31  849 

8  270 

2080 

110-16-F 

37  696 

0 

-  10 

37  686 

2081 

55-24-F 

35  815 

0 

0 

35  815 

2082 

165-40-F 

34  198 

0 

+  34 

34  232 

14  783 

2083 

165-16-F 

36  739 

-  50 

-  36 

36  703 

7  078 

2084 

110-48-F 

32  266 

+  260 

+  177 

32  443 

22  403 

2085 

5 5-4 0-F 

41  387 

+  102 

+  72 

41  459 

24  833 

2086 

55-24-F 

40  553 

+  51 

+  46 

40  599 

15  532 

2087 

110-16-F 

43  365 

-102 

-  79 

43  286 

8  135 

2088 

220-16-F 

37  413 

0 

+  18 

37  431 

5  568 

2089 

220-40-F 

26  703 

+  102 

+  73 

26  776 

11  831 

2092 

165-32-F 

28  808 

+  360 

+  247 

29  055 

13  701 

2093 

165-48-F 

23  767 

+  675 

+  441 

24  208 

17  660 

2094 

110-56-F 

18  810 

+  51 

+  88 

18  898 

25  225 

2095 

55-48-F 

23  813 

0 

-   8 

23  805 

28  922 

2096 

55-4 0-F 

31  887 

-102 

-  55 

31  832 

24  980 

3097 

55-32-F 

33  084 

+  197 

+  140 

33  224 

20  820 

2098 

55-48-F 

20  353 

+  fiO 

+  62 

20  415 

29  240 

2090 

110-24-F 

21  688 

0 

n 

21  688 

11  477 

2091  1 

165-32-F 

16  786 

-  51 

-  19 

16  767 

12  024 

100 
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Table  21. 
Events  of  Stroke  from  Indicator  Cards — Cut-off  and  Release. 


Laboratory 
Designation 

Cut 

Off,  Per  cent  of  Stroke 

Release,  Per  cent  of  Stroke 

Test 
No. 

Right 

Side 

Left 

Side 

Aver- 

Right Side 

Left 

Side 

Aver- 

Head 

Crank 

Head 

Crank 

age 

Head 

Crank 

Head 

Crank 

age 

End 

End 

End 

End    1 

End 

End 

End 

End 

CodeItem£g° 

495 

496 

497 

498 

499 

510 

511 

512 

513 

514 

2009 

138-16-F 

14.0 

19.0 

17.4 

17.8 

17.1 

51.1 

57.4 

54.0 

59.7 

55.6 

2010 

193-20-F 

20.1 

20.6 

18.0 

18.0 

19.2 

55.4 

62.3 

61.0 

61.9 

60.2 

2012 

138-24-F 

24.4 

22.7 

22.4 

23.8 

23.3 

63.9 

66.9 

63.7 

65.9 

65.1 

2013 

138-32-F 

29.6 

33.5 

30.5 

29.7 

30.8 

67.1 

69.6 

67.8 

70.8 

68.8 

2014 

193-32-F 

33.4 

33.1 

29.0 

30.1 

31.4 

67.0 

71.2 

67.3 

68.0 

68.4 

2015 

193-24-F 

22.2 

24.0 

21.8 

22.9 

22.7 

61.1 

64.9 

59.1 

65.8 

62.7 

2016 

193-16-F 

16.1 

17.6 

14.2 

17.8 

16.4 

53.6 

60.8 

55.9 

60.5 

57.7 

2017 

83-16-F 

15.0 

17.1 

16.3 

19.2 

16.9 

49.9 

56.4 

52.4 

57.5 

54.1 

2018 

83-24-F 

20.7 

22.9 

22.7 

23.9 

22.6 

56.4 

63.2 

59.3 

60.3 

59.8 

2019 

83-32-F 

28.3 

32.3 

28.7 

33.2 

30.6 

67.6 

66.7 

65.2 

65.2 

66.2 

2020 

83-24-F 

18.3 

25.5 

21.4 

24.4 

22.4 

57.1 

62.6 

60.4 

61.8 

60.5 

2021 

83-16-F 

12.3 

15.2 

14.3 

17.6 

14.9 

48.9 

54.3 

50.9 

54.6 

52.2 

2022 

83-32-F 

27.0 

31.7 

28.0 

34.5 

30.3 

62.9 

66.8 

66.0 

70.4 

66.5 

2023 

138-40-F 

34.0 

43.1 

39.3 

41.2 

39.4 

72.1 

74.5 

73.2 

74.9 

73.7 

2024 

55-24-F 

2026 

110-16-F 

15.2 

24.3 

18.1 

18.7 

19.1 

52.6 

55.5 

56.1 

59.3 

55.9 

2027 

110-24-F 

22.0 

25.4 

22.6 

27.0 

24.3 

62.3 

64.5 

63.8 

66.9 

64.4 

2028 

55-32-F 

28.6 

32.1 

31.4 

34.8 

31.7 

65.6 

66.7 

68.9 

69.9 

67.8 

2029 

110-32-F 

28.3 

30.9 

30.0 

33.7 

30.7 

69.4 

70.1 

68.3 

72.8 

70.2 

2030 

165-24-F 

20.8 

22.9 

23.3 

26.4 

23.4 

57.8 

65.0 

68.0 

64.8 

63.9 

2031 

83-40-F 

35.9 

40.4 

39.1 

42.4 

39.5 

71.6 

73.9 

73.9 

73.9 

73.3 

2032 

165-32-F 

28.5 

31.4 

27.9 

33.0 

30.2 

65.1 

71.1 

70.8 

72.9 

70.0 

2033 

110-48-F 

37.7 

40.4 

40.8 

43.8 

40.7 

73.9 

76.4 

75.3 

74.9 

75.1 

2034 

193-40-F 

38.3 

44.9 

39.1 

43.4 

41.4 

77.0 

78.2 

78.3 

79.3 

78.2 

2035 

110-40-F 

36.3 

39.6 

41.8 

41.9 

39.9 

73.7 

75.0 

76.4 

75.6 

75.2 

2037 

165-4 0-F 

38.9 

41.6 

36.7 

43.0 

40.1 

74.5 

75.3 

75.7 

77.2 

75.7 

2038 

55-24-F 

2039 

110-32-F 

29.9 

34.9 

31.8 

33.4 

32.5 

65.9 

70.7 

68.8 

70.3 

68.9 

2040 

165-40-F 

41.1 

41.4 

41.9 

41.4 

41.5 

75.2 

76.7 

76.1 

76.8 

76.2 

2041 

110-40-F 

39.6 

42.2 

41.9 

40.8 

41.1 

73.6 

76.9 

75.8 

75.5 

75.5 

2042 

110-24-F 

23.6 

23.5 

27.9 

24.3 

24.8 

59.5 

62.8 

63.5 

63.8 

62.4 

2043 

110-48-F 

47.6 

49.6 

48.0 

48.7 

48.5 

79.5 

79.3 

83.0 

79.5 

80.3 

2044 

110-56-F 

56.2 

56.9 

60.5 

56.5 

57.5 

81.6 

82.2 

86.3 

81.2 

71.8 

2045 

110-16-F 

18.4 

16.8 

23.5 

18.2 

19.2 

52.0 

55.5 

56.5 

55.6 

54.9 

2072 

110-40-F 

41.5 

41.5 

41.8 

41.0 

41.5 

75.1 

74.8 

75.0 

75.6 

75.1 

2073 

110-32-F 

25.6 

29.8 

31.6 

31.5 

29.6 

73.4 

68.5 

70.4 

69.8 

70.5 

2074 

165-32-F 

20.3 

32.7 

32.5 

29.7 

28.8 

67.7 

70.8 

72.3 

69.5 

70.1 

2075 

55-32-F 

29.9 

33.9 

33.7 

31.0 

32.1 

66.7 

68.5 

70.5 

69.2 

68.7 

2076 

220-32-F 

29.3 

33.3 

31.4 

34.9 

32.2 

68.3 

68.1 

63.2 

67.3 

66.7 

2077 

110-24-F 

21.5 

24.4 

25.5 

24.4 

24.0 

56.1 

61.7 

63.0 

63.1 

61.0 

2078 

165-24-F 

22.0 

24.7 

26.6 

22.8 

24.0 

58.9 

64.6 

64.5 

65.4 

63.4 

2079 

220-24-F 

24.1 

23.6 

22.7 

23.1 

23.4 

69.7 

67.3 

66.8 

63.5 

66.8 

2080 

110-16-F 

15.3 

16.6 

18.9 

16.8 

16.9 

50.6 

53.0 

61.0 

59.3 

56.0 

2081 

55-24-F 

23.1 

24.8 

26.2 

22.4 

24.1 

57.8 

60.1 

62.2 

61.8 

60.5 

2082 

165-40-F 

36.0 

45.3 

|  41.9 

42.3 

41.4 

74.2 

72.9 

76.9 

75.7 

74.9 

2083 

165-16-F 

16.2 

18.2 

21.8 

17.4 

18.4 

51.4 

57.5 

60.8 

58.7 

57.1 

2084 

110-48-F 

47.9 

49.9 

48.9 

47.0 

48.4 

79.2 

79.8 

80.9 

78.4 

79.6 

2085 

55-4 0-F 

39.7 

42.0 

43.3 

40.2 

41.3 

70.3 

74.4 

77.6 

74.6 

74.2 

2086 

55-24-F 

22.0 

23.8 

25.7 

22.0 

23.4 

58.5 

61.3 

63.2 

62.3 

61.3 

2087 

110-16-F 

15.9 

15.7 

17.4 

17.4 

16.6 

49.3 

54.0 

56.5 

54.2 

53.5 

2088 

220-16-F 

16.4 

16.9 

14.9 

15.3 

15.9 

59.3 

58.7 

57.4 

56.3 

57.9 

2089 

220-40-F 

41.2 

45.4 

42.0 

45.4 

43.5 

74.5 

77.8 

78.4 

77.4 

77.0 

2092 

165-32-F 

30.1 

31.1 

30.8 

29.5 

30.4 

70.0 

70.2 

70.8 

70.3 

70.3 

2093 

165-48-F 

45.9 

50.5 

48.4 

49.7 

48.6 

78.5 

79.6 

79.7 

77.1 

78.7 

2094 

110-56-F 

55.7 

56.3. 

61.1 

54.7 

57.0 

83.1 

84.5 

86.9 

82.5 

84.3 

2095 

55-48-F 

47.8 

50.1 

51.5 

47.5 

49.2 

80.0 

79.8 

81.8 

79.6 

80.3 

2096 

55-40-F 

i    38.1 

41.3 

43.2 

39.1 

40.4 

!  73.2 

74.0 

77.6 

74.7 

74.9 

2097 

55-32-F 

30.6 

33.2 

35.0 

30.5 

32.3 

66.4 

69.4 

71.0 

69.0 

69.0 

2098 

55-48-F 

47.7 

50.1 

51.5 

47.2 

49.1 

79.5 

80.2 

82.7 

80.2 

80.7 

2090 

110-24-F 

20.9 

22.3 

23.4 

24.6 

22.8 

56.5 

66.1 

64.2 

64.2 

62.8 

2091 

165-32-F 

i    27.5 

34.0 

27.6 

26.0 

28.8 

'68.5 

70.5 

71.8 

71.3 

70.5 
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Table  22. 
Events  of  Stroke  and  Pressure  from  Indicator  Cards- 
of  Compression  and  Initial  Pressure. 


-Beginning 


Beginning 

of  Compression, 

Initial  Pressure, 

Laboratory 
Designation 

Right 

Per  cent  of 

■stroke 

lb 

I>er   si} 

.   in. 

Test 
No. 

Side 

Left 

Side 

Aver- 

Right Side 

Left  Side 

Aver- 

Head 

Crank 

HeaT 

Crank 

age 

Head   Crank 

Head 

Crank 

age 

End 

End 

End 

End 

End     End 

End 

End 

Code  ltpniit-$' 

625 

526 

527 

628 

629 

640 

541 

542 

54S 

644 

2009 

138-16-F 

56.0 

58.3 

56.7 

56.2 

56.8 

170.9 

188.6 

173.0 

186.2 

179.7 

2010 

193-20-F 

57.5 

66.8 

71.1 

59.7 

63.8 

150.5 

159.6 

144.5 

162.6 

154.3 

2012 

138-24-F 

50.2 

59.5 

48.2 

55.8 

53.4 

166.4 

182.3 

170.8 

180.8 

175.1 

2013 

138-32-F 

47.4 

58.7 

50.4 

49.1 

51.4 

165.0 

177.9 

167.7 

173.1 

170.9 

2014 

193-32-F 

77.5 

76.0 

80.8 

59.1 

73.4 

156.4 

154.3 

166.8 

173.0 

162.5 

2015 

193-24-F 

79.7 

73.9 

78.2 

76.9 

77.2 

159.7 

155.7 

162.9 

160.9 

159.8 

2016 

193-16-F 

64.0 

71.2 

68.5 

67.2 

67.7 

156.1 

163.6 

150.1 

165.1 

158.7 

2017 

83-16-F 

50.4 

58.1 

49.4 

56.5 

53.6 

177.3 

187.4 

177.1 

181.8 

180.9 

2018 

83-24-P 

43.9 

50.8 

43.3 

53.1 

47.8 

178.8 

179.4 

176.4 

190.2 

181.2 

2019 

83-32-F 

38.2 

42.4 

35.8 

37.6 

38.5 

178.3 

178.6 

176.5 

178.7 

178.0 

2020 

83-24-F 

39.2 

43.6 

39.2 

42.8 

41.2 

175.1 

177.0 

177.6 

180.0 

177.4 

2021 

83-16-F 

46.2 

51.5 

46.1 

51.6 

48.9 

182.9 

182.9 

181.8 

185.5 

183.3 

2022 

83-32-F 

31.2 

42.6 

29.0 

35.5 

34.6 

175.5 

156.6 

178.7 

182.1 

173.2 

2023 

138-40-F 

33.7 

35.8 

30.8 

34.9 

33.8 

168.7 

178.6 

169.9 

178.8 

174.0 

2024 

55-24-F 

2026 

110-16-F 

51.5 

54.6 

51.6 

55.8 

53.4 

191.1 

181.1 

187.5 

175.9 

183.9 

2027 

110-24-F 

44.9 

47.6 

44.6 

44.8 

45.5 

185.4 

174.5 

189.2 

176.2 

181.3 

2028 

55-32-F 

32.1 

35.0 

35.6 

36.6 

34.8 

186.1 

184.7 

192.2 

191.7 

188.7 

2029 

110-32-F 

38.3 

45.1 

35.6 

41.0 

40.0 

181.8 

180.4 

186.8 

192.2 

185.3 

2030 

165-24-F 

43.6 

63.4 

48.3 

53.6 

52.2 

161.3 

171.9 

167.4 

179.7 

170.1 

2031 

83-40-F 

28.7 

32.3 

30.0 

31.9 

30.7 

183.7 

177.9 

187.7 

186.9 

184.1 

2032 

165-32-F 

42.1 

48.4 

77.5 

68.3 

59.1 

185.8 

166.2 

162.6 

166.0 

170.2 

2033 

110-48-F 

29.7 

33.7 

30.5 

34.1 

32.0 

185.6 

178.4 

184.2 

189.3 

184.4 

2034 

193-40-F 

62.0 

70.0 

71.8 

71.6 

68.9 

168.7 

172.9 

179.7 

170.8 

173.0 

2035 

110-40-F 

33.5 

36.7 

30.0 

33.1 

33.3 

178.7 

172.9 

183.3 

187.7 

180.7 

2037 

165-40-F 

61.6 

68.5 

67.4 

66.5 

66.0 

176.7 

161.4 

159.3 

179.8 

169.3 

2038 

55-24-F 

2039 

110-32-F 

41.2 

46.3 

40.0 

39.8 

41.8 

175.0 

194.2 

181.8 

189.6 

185.2 

2040 

165-40-F 

73.9 

75.5 

74.5 

74.6 

74.6 

184.5 

195.7 

192.1 

184.6 

189.2 

2041 

110-40-F 

34.5 

37.3 

36.2 

32.8 

35.2 

175.5 

186.1 

179.6 

183.1 

181.1 

2042 

110-24-F 

46.3 

51.8 

47.2 

46.9 

48.1 

180.9 

176.1 

188.0 

173.9 

179.7 

2043 

110-48-F 

28.2 

30.2 

30.4 

25.7 

28.6 

191.7 

188.2 

181.1 

194.7 

188.9 

2044 

110-56-F 

23.8 

23.3 

25.7 

22.4 

23.8 

180.1 

190.8 

191.4 

187.4 

187.4 

2045 

110-16-F 

54.9 

56.7 

52.8 

53.4 

54.5 

185.9 

181.1 

193.4 

195.9 

189.1 

2072 

110-40-F 

30.5 

30.7 

31.3 

29.3 

30.5 

183.8 

187.4 

185.5 

186.7 

185.9 

2073 

110-32-F 

36.8 

41.4 

37.7 

35.5 

37.9 

184.8 

190.3 

189.7 

190.2 

188.8 

2074 

165-32-F 

43.3 

43.0 

41.2 

44.2 

42.9 

178.9 

173.7 

178.1 

173.9 

176.2 

2075 

55-32-F 

31.5 

36.6 

37.8 

33.2 

34.8 

192.6 

195.7 

193.8 

197.1 

194.8 

2076 

220-32-F 

51.4 

50.5 

47.4 

48.9 

49.6 

182.7 

184.5 

193.1 

186.5 

186.7 

2077 

110-24-F 

48.6 

47.2 

48.5 

47.1 

47.9 

185.5 

193.9 

190.8 

191.1 

190.3 

2078 

165-24-F 

49.5 

51.3 

48.6 

50.4 

50.0 

179.9 

177.5 

168.7 

173.6 

175.0 

2079 

220-24-F 

52.2 

54.7 

52.3 

53.5 

53.2 

185.1 

166.4 

179.6 

186.1 

179.3 

2080 

110-16-F 

54.6 

54.6 

53.1 

52.6 

53.7 

190.3 

178.5 

176.4 

179.2 

181.1 

2081 

55-24-F 

41.3 

45.5 

44.8 

41.8 

43.4 

193.0 

192.8 

190.3 

197.3 

193.4 

2082 

165-40-F 

33.2 

36.4 

34.0 

33.0 

34.2 

191.9 

170.6 

163.6 

171.6 

174.4 

2083 

165-16-F 

51.6 

59.7 

48.5 

54.3 

53.5 

169.8 

182.1 

173.9 

176.9 

175.7 

2084 

110-48-F 

25.7 

24.8 

16.4 

22.8 

24.9 

179.4 

181.8 

179.8 

187.1 

182.0 

2085 

55-40-F 

27.3 

28.1 

29.6 

23.7 

27.2 

189.4 

193.6 

192.9 

194.2 

192.5 

2086 

55-24-F 

39.2 

41.7 

39.8 

37.4 

39.2 

192.7 

192.1 

189.4 

193.4 

191.9 

2087 

110-16-F 

53.1 

51.1 

50.7 

49.1 

51.0 

176.3 

175.3 

174.2 

177.8 

175.9 

2088 

220-16-F 

54.9 

52.5 

52.1 

52.4 

53.0 

136.4 

134.0 

160.9 

159.9 

147.8 

2089 

220-40-F 

44.0 

43.7 

42.9 

41.2 

43.0 

163.2 

162.0 

160.2 

170.8 

164.1 

2092 

165-32-F 

39.1 

41.5 

39.9 

41.3 

40.5 

163.3 

172.5 

162.7 

171.8 

167.6 

2093 

165-48-F 

27.6 

26.2 

25.5 

24.8 

26.0 

165.4 

165.4 

157.2 

166.7 

163.7 

2094 

110-56-F 

19.5 

17.7 

20.7 

15.5 

18.4 

172.4 

171.3 

170.6 

178.9 

173.3 

2095 

55-48-F 

20.4 

22.0 

22.5 

19.2 

21.0 

187.3 

189.9 

187.9 

190.7 

189.0 

2096 

55-40-F 

25.1 

27.1 

27.8 

23.6 

25.9 

187.8 

187.9 

189.1 

190.2 

188.8 

2097 

55-32-F 

30.4 

33.6 

34.3 

29.9 

32.1 

192.9 

191.9 

192.4 

192.4 

192.4 

2098 

55-48-F 

21.6 

22.0 

23.3 

19.5 

21.6 

138.7 

191.4 

191.8 

192.9 

191.2 

2090 

110-24-F 

44.4 

46.1 

41.4 

42.6 

43.6 

184.7 

172.4 

171.2 

173.4 

175.4 

2091 

165-32-F 

39.4 

43.0 

36.1 

39.6 

39.5 

164.4 

174.1 

165.4 

175.5 

169.9 
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Table  23. 
Pressure  from  Indicator  Cards — Cut-off  and  Release. 


Laboratory 
Designation 

Pressure  at  Cut-Off,  lb.  per  sq.  in. 

Pressure  at  Release, 

lb.  per  sq.  in. 

Test 
No. 

Right 

Side     |     Left  Side 

Aver- 

Righ 

Side 

Left 

Side 

Aver- 

Head 

Crank  Head   Crank 

age 

Head 

Crank 

Head   1  Crank  | 

age 

End 

End    1  End  1    End 

End 

End 

End 

End    1 

Code  [tem^i 

566    | 

667 

129.7 

568 

569 

570 

681 

582 

583 

584 

585 

2009 

138-16-F 

146.6 

130.6 

132.0 

134.7 

44.0 

45.7 

46.4 

42.8 

44.7 

2010 

193-20-F    ] 

108.5 

129.0 

119.5 

131.0 

122.0 

40.5 

45.5 

39.5 

43.5 

42.3 

2012 

138-24-F 

130.7 

138.0 

131.3 

136.8 

134.2 

45.6 

54.0 

48.4 

53.4 

50.4 

2013 

138-32-F 

123.8 

134.6 

1ZZ.0 

139.4 

130.0 

52.9 

64.9 

55.3 

63.3 

59.1 

2014 

193-32-F 

101.3 

123.5 

114.0 

125.0 

116.0 

49.3 

57.8 

48.2 

57.0 

53.1 

2015 

193-24-F 

114.8 

123.6 

114.U 

131.8 

121.1 

42.8 

49.4 

47.2 

49.1 

47.1 

2016 

193-16-F 

113.9 

133.0 

114.6 

132.0 

123.4 

38.8 

41.3 

34.8 

42.2 

39.3 

2017 

83-16-F 

152.0 

162.7 

146.0 

155.3 

154.0 

51.7 

55.5 

52.6 

54.5 

53.6 

2018 

83-24-F 

148.0 

157.7 

142.0 

156.7 

151.1 

57.9 

60.5 

59.1 

66.4 

61.0 

2019 

83-32-F 

150.3 

158.0 

145.9 

155.1 

152.3 

58.9 

75.0 

66.6 

79.6 

70.0 

2020 

83-24-F 

156.2 

147.3 

154.1 

155.6 

153.3 

58.0 

61.6 

60.8 

66.4 

61.7 

2021 

83-16-F 

162.0 

168.9 

164.5 

167.0 

165.6 

51.1 

56.3 

52.6 

61.7 

56.7 

2022 

83-32-F 

149.1 

129.2 

151.4 

154.7 

146.1 

65.6 

66.0 

70.2 

77.7 

69.9 

2023 

138-40-F 

136.9 

133.6 

121.1 

146.2 

134.5 

65.7 

76.8 

66.3 

81.3 

72.5 

2024 

55-24-F 

2026 

110-16-F 

145.6 

123.6 

133.2 

151.6 

138.4 

45.1 

54.7 

45.1 

51.6 

49.1 

2027 

110-24-F 

139.7 

146.8 

143.9 

144.3 

143.7 

49.0 

58.1 

51.1 

57.3 

53.9 

2028 

55-32-F 

154.9 

165.3 

161.7 

167.3 

162.3 

67.4 

80.1 

72.2 

81.7 

75.4 

2029 

110-32-F 

135.3 

150.7 

143.7 

154.5 

141.1 

52.0 

67.9 

62.7 

74.0 

64.2 

2030 

165-24-F 

122.0 

139.7 

129.1 

136.4 

131.8 

48.4 

56.1 

43.4 

61.2 

52.3 

2031 

83-40-F 

149.0 

150.5 

149.5 

154.6 

150.9 

72.5 

80.5 

77.0 

85.8 

79.0 

2032 

165-32-F 

126.2 

131.8 

133.0 

134.7 

131.4 

56.4 

62.5 

52.6 

61.8 

58.3 

2033 

110-48-F 

139.7 

146.0 

141.0 

145.6 

143.1 

70.0 

75.3 

75.3 

82.3 

75.7 

2034 

193-40-F 

111.5 

112.2 

111.1 

123.4 

114.5 

51.8 

62.1 

53.1 

64.1 

57.8 

2035 

110-40-P 

139.5 

141.4 

133.9 

148.2 

140.8 

66.1 

74.7 

71.0 

80.3 

73.0 

2037 

165-40-F 

117.9 

124.2 

125.3 

132.2 

124.9 

58.2 

69.5 

60.5 

72.1 

65.1 

2038 

55-24-F 

2039 

110-32-F 

135.4 

152.6 

139.7 

150.3 

146.8 

60.8 

73.2 

62.4 

70.6 

66.8 

2040 

165-40-F 

119.7 

134.9 

120.3 

127.4 

125.6 

63.7 

71.2 

63.6 

66.8 

66.3 

2041 

110-40-F 

136.3 

150.8 

141.0 

149.7 

144.5 

71.6 

80.3 

75.3 

78.0 

76.3 

2042 

110-24-F 

140.7 

158.6 

135.7 

149.6 

146.2 

55.5 

62.6 

56.7 

56.5 

57.8 

2043 

110-48-F 

146.5 

156.1 

149.8 

153.0 

151.4 

85.1 

94.5 

83.8 

91.9 

88.8 

2044 

110-56-F 

144.8 

154.4 

139.5 

152.8 

147.9 

96.8 

103.9 

92.8 

105.9 

99.9 

2045 

110-16-F 

136.5 

164.1 

121.3 

146.7 

142.2 

47.4 

54.4 

47.4 

51.6 

50.2 

2072 

110-40-F 

139.2 

149.1 

145.2 

149.4 

145.7 

73.1 

80.9 

79.4 

79.7 

78.3 

2073 

110-32-F 

155.4 

157.7 

149.4 

148.1 

152.7 

51.6 

70.9 

68.1 

67.1 

64.2 

2074 

165-32-F 

153.4 

135.2 

129.1 

139.7 

139.4 

56.8 

63.5 

56.2 

62.4 

59.7 

2075 

55-32-F 

166.3 

167.0 

166.1 

163.8 

165.8 

77.1 

79.9 

79.8 

75.4 

78.1 

2076 

220-32-F 

116.7 

117.4 

113.2 

116.2 

115.9 

51.1 

58.8 

55.5 

57.5 

55.7 

2077 

110-24-F 

142.3 

148.9 

142.3 

145.7 

144.8 

57.4 

59.5 

57.1 

58.4 

58.1 

2078 

165-24-F 

135.2 

139.0 

125.8 

135.9 

134.0 

51.7 

56.0 

50.5 

51.1 

52.3 

2079 

220-24-F 

112.9 

121.6 

124.3 

119.9 

119.7 

36.0 

47.3 

44.5 

43.7 

42.9 

2080 

110-16-F 

147.9 

161.2 

146.3 

148.8 

151.1 

48.9 

54.1 

45.2 

43.3 

47.9 

2081 

55-24-F 

163.2 

169.9 

164.6 

170.6 

167.1 

68.8 

70.5 

72.0 

65.1 

69.1 

2082 

165-40-F 

134.3 

124.3 

123.6 

124.8 

126.8 

64.1 

76.3 

64.3 

68.6 

68.3 

2083 

165-16-F 

139.3 

142.1 

129.1 

132.7 

135.8 

46.2 

47.0 

43.2 

41.5 

44.5 

2084 

110-48-F 

139.1 

147.6 

145.8 

149.1 

145.4 

83.8 

88.6 

85.6 

87.1 

86.3 

2085 

55-40-F 

162.1 

169.1 

164.4 

165.0 

165.2 

91.4 

90.5 

90.6 

85.3 

89.5 

2086 

55-24-F 

167.3 

173.7 

167.2 

175.4 

170.9 

67.4 

68.2 

72.0 

65.3 

68.2 

2087 

110-16-F 

145.9 

164.8 

152.6 

147.8 

152.8 

50.9 

53.4 

49.6 

51.6 

51.4 

2088 

220-16-F 

99.6 

108.0 

126.6 

130.4 

116.2 

25.5 

32.6 

34.3 

35.2 

31.9 

2089 

220-40-F 

107.3 

112.0 

107.8 

108.2 

108.8 

57.7 

63.1 

54.5 

60.6 

59.0 

2092 

165-32-F 

128.3 

138.9 

132.7 

139.8 

134.9 

52.4 

63.6 

57.7 

59.3 

58.3 

2093 

165-48-F 

128.5 

131.7 

127.2 

129.8 

129.3 

73.9 

82.5 

75.4 

81.7 

78.4 

2094 

110-56-F 

148.6 

154.6 

144.9 

156.4 

151.1 

98.9 

99.9 

98.1 

102.8 

99.9 

2095 

55-48-F 

170.2 

170.6 

169.3 

171.3 

170.4 

101.0 

102.7 

105.2 

101.2 

102.5 

2096 

55-40-F 

169.9 

171.0 

168.2 

172.6 

170.4 

90.8 

93.4 

92.7 

89.9 

91.7 

2097 

55-32-F 

165.4 

171.4 

165.9 

172.9 

168.9 

81.2 

81.0 

83.2 

78.2 

80.9 

2098 

55-48-F 

168.9 

176.5 

171.9 

175.5 

173.2 

100.5 

105.2 

106.1 

100.6 

103.1 

2090 

110-24-F 

145.1 

155.8 

151.2 

143.4 

148.9 

55.8 

53.4 

54.4 

55.0 

54.7 

2091 

165-32-F 

133.8 

129.8 

143.4 

147.9 

138.7 

54.2 

63.9 

56.7 

58.8 

58.4 
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Table  24. 

Pressure  from  Indicator  Cards — Beginning  of  Compression  and 
Least  Back  Pressure. 


Pressure  at  Beginning  of  Com- 

Least Back 

Pressure 

Test 

No. 

Laboratory 
Designation 

pression, 

lb.    per   sq.    in. 

It 

.   per  sq.  in. 

Right  Side 

Left  Side 

Aver- 

Right Side 

Left  Side 

Aver- 

Head 

Crank 

Head" 

Crank 

age 

Head 

Crank 

Head 

Crank 

age 

End 

End 

End 

1    End 

1  End 

1    End 

!   End 

1   End 

Codeltem*^ 

596 

597 

598 

599 

600 

611 

i     612 

613 

t    614 

615 

2009 

138-16-F 

7.2 

9.3 

10.9 

9.1 

9.1 

1    3.9 

3.8 

1     7.0 

1     6.4 

5.3 

2010 

193-20-F 

10.4 

11.5 

9.0 

13.3 

11.1 

7.3 

7.6 

9.0 

9.0 

8.2 

2012 

138-24-F 

11.5 

12.2 

14.0 

10.4 

12.0 

7.0 

7.8 

7.8 

8.2 

7.7 

2013 

138-32-F 

15.0 

16.8 

1U.4 

16.0 

16.1 

9.8 

12.7 

10.4 

13.4 

11.6 

2014 

193-32-F 

15.8 

1    17.5 

i  16.8 

17.3 

16.9 

15.4 

17.9 

16.6 

18.3 

17.1 

2015 

193-24-F 

11.6 

13.0 

13.8 

13.3 

12.9 

10.2 

13.5 

11.3 

13.4 

12.1 

2016 

193-16-F 

9.2 

8.8 

10.5 

10.8 

9.8 

6.3 

6.7 

5.8 

6.9 

6.4 

2017 

83-16-F 

2.8 

4.6 

4.1 

3.1 

3.7 

2.7 

2.1 

2.4 

3.2 

2.6 

2018 

83-24-F 

4.5 

6.6 

5.9 

4.8 

5.5 

4.6 

3.4 

3.1 

4.7 

4.0 

2019 

83-32-P 

7.1 

10.6 

9.1 

8.0 

8.7 

4.5 

5.6 

5.1 

5.4 

5.2 

2020 

83-24-F 

5.3 

8.0 

9.3 

8.4 

7.8 

3.6 

2.4 

6.6 

7.8 

5.1 

2021 

83-16-F 

4.0 

5.9 

3.8 

5.1 

6.0 

2.2 

6.1 

5.3 

4.4 

2022 

83-32-F 

6.7 

9.4 

13.3 

11.2 

10.2 

4.1 

7.2 

8.2 

9.4 

7.2 

2023 

138-40-F 

22.4 

27.3 

28.2 

28.4 

26.6 

17.1 

18.5 

20.0 

22.3 

19.5 

2024 

55-24-F 

2026 

110-16-F 

5.8 

8.1 

9.6 

5.7 

7.3 

2.3 

2.8 

4.1 

3.2 

3.1 

2027 

110-24-F 

8.2 

11.3 

11.0 

9.4 

10.0 

4.7 

5.9 

6.3 

7.4 

6.1 

2028 

55-3 2-F 

2.2 

5.5 

5.9 

1.5 

3.8 

2029 

110-32-F 

8.2 

12.7 

16.5 

16.0 

13.4 

8.1 

10.4 

10.0 

13.6 

10.5 

2030 

165-24-F 

13.4 

13.7 

16.6 

20.6 

16.1 

10.5 

12.1 

9.0 

14.2 

11.5 

2031 

83-4 0-F 

10.5 

11.7 

14.4 

13.4 

12.5 

9.6 

10.0 

10.6 

10.8 

10.3 

2032 

16 5-3 2-F 

18.8 

20.0 

16.2 

18.7 

18.4 

2033 

110-48-F 

15.4 

19.9 

21.4 

18.8 

18.9 

13.8 

15.3 

16.9 

14.6 

15.2 

2034 

193-40-F 

21.6 

23.8 

24.7 

26.7 

24.2 

22.8 

24.0 

24.1 

25.6 

24.1 

2035 

11 0-4 0-F 

14.9 

17.2 

22.1 

18.5 

18.2 

11.9 

15.7 

16.0 

15.0 

14.7 

2037 

16 5-4 0-F 

21.1 

22.8 

22.1 

25.1 

22.8 

21.8 

23.4 

22.5 

24.7 

18.1 

2038 

55-24-F 

2039 

110-32-F 

12.6 

16.8 

15.8 

14.4 

14.9 

8.5 

11.5 

8.4 

11.1 

9.9 

2040 

165-4 0-F 

24.4 

24.8 

23.8 

23.5 

24.1 

22.5 

24.8 

22.9 

24.7 

23.7 

2041 

11 0-4 0-F 

18.5 

21.1 

21.4 

18.0 

19.8 

12.4 

16.0 

14.0 

15.3 

14.4 

2042 

110-24-F 

10.4 

10.7 

11.2 

9.6 

10.5 

5.0 

7.0 

5.4 

6.4 

6.0 

2043 

110-48-F 

23.0 

26.8 

26.8 

25.1 

25.4 

18.5 

22.0 

20.0 

21.4 

20.5 

2044 

110-56-F 

27.9 

30.6 

29.9 

28.7 

29.3 

22.5 

24.9 

22.9 

22.4 

23.2 

2045 

110-16-F 

5.9 

7.2 

7.6 

7.1 

7.0 

3.0 

3.8 

3.1 

3.3 

3.3 

2072 

110-40-F 

12.8 

15.1 

14.9 

13.7 

14.1 

8.3 

10.1 

8.9 

10.0 

9.3 

2073 

110-32-F 

9.1 

10.9 

11.6 

10.0 

10.4 

5.9 

7.1 

5.6 

7.2 

6.5 

2074 

16 5-3 2-F 

15.5 

19.5 

20.5 

18.5 

18.5 

11.4 

13.9 

11.3 

13.5 

12.5 

2075 

5 5-3 2-F 

4.1 

3.1 

2.1 

2.4 

2.9 

2.2 

1.9 

1.2 

1.6 

1.7 

2076 

2 2 0-3 2-F 

18.3 

21.9 

21.5 

22.5 

21.1 

14.5 

17.9 

14.0 

16.9 

15.8 

2077 

110-24-F 

5.6 

8.5 

6.6 

6.5 

6.8 

3.0 

3.4 

2.8 

3.5 

3.2 

2078 

165-24-F 

10.3 

14.2 

12.5 

12.0 

12.3 

5.1 

8.8 

7.1 

8.4 

7.4 

2079 

220-24-F 

12.3 

15.9 

15.7 

15.3 

14.8 

8.3 

12.0 

8.2 

10.7 

9.8 

2080 

110-16-F 

4.3 

5.6 

5.6 

4.5 

5.0 

2.0 

2.1 

2.0 

2.0 

2.0 

2081 

55-24-F 

2.5 

2.4 

1.9 

2.1 

2.2 

2.0 

0.3 

0.3 

0.3 

0.7 

2082 

165-4 0-F 

21.6 

24.4 

26.6 

25.1 

24.4 

17.2  j 

20.0 

17.7 

18.2 

18.3 

2083 

165-16-F 

7.7 

8.9 

11.5 

9.1 

9.3 

3.3 

4.9 

3.3 

4.2 

3.9 

2084 

110-48-F 

15.4 

17.9 

18.4 

17.0 

17.2 

12.6  1 

13.3 

10.0 

1-3.0 

12.2 

2085 

55-40-F 

3.5 

4.1 

4.2 

3.8 

3.9 

1.5 

1.2 

2.6 

1.9 

1.8 

2086 

55-24-F 

2.7 

2.3 

2.1 

2.8    1 

2.5 

1.6 

0.4 

0.0 

0.5 

0.6 

2087 

110-16-F 

4.1 

6.2 

6.0 

4.9   I 

5.3 

2.2 

2.2 

2.2 

2.7 

2.3 

2088 

220-16-F 

7.5 

9.4 

10.4 

11.2 

9.6 

4.8 

7.5 

3.4 

4.7 

5.1 

2089 

2 2 0-4 0-F 

25.2 

30.3 

30.2 

29.7 

28.9 

19.8 

24.5 

20.8 

23.0 

22.0 

2092 

16 5-3 2-F 

15.5 

18.0 

18.3 

17.2 

17.3 

9.6 

14.0 

10.8 

12.0 

11.6 

2093 

165-48-F 

28.7 

29.9 

31.7 

29.5 

30.0 

20.4 

24.0 

21.1 

23.0 

22.1 

2094 

110-56-F 

21.9 

22.1 

22.9 

22.3 

22.3 

16.0 

17.1 

16.3 

15.8 

16.3 

2095 

55-48-F 

5.2 

4.1 

4.2 

4.2 

4.4 

2.3 

1.7 

1.1 

2.0 

1.8 

2096 

55-40-F 

6.2 

4.2 

3.8 

2.8 

1.0 

1.4 

1.5 

1.7 

2097 

5 5-3 2-F 

5.4 

3.0 

3.8 

3.6 

4.0 

3.1 

1.9 

2.1 

1.2 

2.1 

2008 

55-48-F 

4.6 

4.8 

5.1 

4.0 

4.6 

1.7 

2.0 

2.3 

1.9 

2.0 

2090   ! 

110-24-F 

8.7 

11.5 

11.3 

10.0 

10.4 

5.4 

6.0 

5.0 

5.4 

5.5 

2091    i 

16 5-3 2-F   1 

21.7 

24.4 

26.5 

23.4 

24.0 

14.2 

17.1 

14.7 

16.4 

15.6 

1CU 
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Table  25. 
Boiler  Performance — Coal  and  Evaporation. 


Dry 

Fired 

Coal 
,  lb. 

Evaporation 

Steam 

Laboratory 

Per 

Hour 

Moist 
Steam 

Dry  Stean 

i,  lb. 
Per  1  Per 

Used  at 
Calor- 
imeter, 
Safety 

Dry  i 

Steam 

to 
Engine 

Factor 

of 
Evap- 
oration 

Test 

Per 
Hour 

No. 

Designation 

Per  ' 

per 

sq.  ft. 

of 

x?er    Per 
H°ur'  Hour 

per 

lb.  of  lb.  of 

Valve, 

per 

Hour 

sq.  ft. 
of 

Dry  Coal 
Coal   as 

Leaks 
etc., 

Hour, 
lb. 

1 

Surface             Heatin  = 
?u,ta  '•             Surface 

Fired 

lb. 

CodeItem«S°i  626 

627  | 
53.4  j 

633    634  ! 

635 

636  637  | 

638 

639  |  641 

2009 

138-16-F    2647 

18  174  18  027! 

5.49 

6.80  6.01 

183 

18  023  '  1.192 

2010 

193-20-F    3834 

77.4 

23  887 

23  668 

7.21 

6.17 

5  44 

39 

23  631  1.196 

2012 

138-24-F    3707 

74.8 

23  869 

23  674 

7.21 

6.39 

5.67 

89 

23  632 

1.194 

2013 

138-32-F    4749 

95.8 

29  076 

28  751 

8.76 

6.05 

5.51  I 

50 

28  742 

1.190 

2014 

193-32-F    6199 

125.1 

32  648 

32  272 

9.83 

5.21 

4.72  | 

39 

32  173 

1.189 

2015 

193-24-F    4927  ! 

99.5 

27  617 

27  363 

8.33 

5.55 

4.95 

50 

27  330 

1.193 

2016 

193-16-F    3255 

65.7 

20  792 

20  623 

6.28 

6.34 

5.59  1 

183 

20  538 

1.193 

2017 

83-16-F    1957 

39.5  i 

14  778 

14  683 

4.47 

7.50 

6.74 

246 

14  590 

1.186 

2018 

83-24-F  1  2537 

51.2  1 

17  828 

17  737 

5.40 

6.99 

6.23 

157 

17  643 

1.195 

2019 

83-32-F    3215 

64.9 

22  429 

22  288 

6.79 

6.93 

6.20 

150 

22  173 

1.196 

2020 

83-24-F    2472 

49.9 

17  650 

17  560 

5.35 

7.10 

6.48 

64 

17  523 

1.195 

2021 

83-16-F    2211 

44.6 

14  066 

14  011 

4.27 

6.34 

5.56 

502 

13  758 

1.204 

2022 

83-32-F    3673 

74.1 

21  871 

21  801 

6.64 

5.94 

5.32 

64 

21  778 

1.204 

2023 

138-40-F    6687 

135.0 

35  199 

35  025 

10.67 

5.24 

4.54 

623 

34  594 

1.202 

2024 

55-24-F  t  1814 

36.6 

15  178 

15  123 

4.61 

8.34 

7.37 

265 

14  974 

1.203 

2026 

110-16-F    2293 

46.3 

16  461 

16  341 

4.98 

7.13 

6.22 

71 

16  313 

1.196 

2027 

110-24-F    3256 

65.7 

21  022 

20  892 

6.36 

6.42 

5.60 

92 

20  850 

1.198 

2028 

55-32-F    2406 

48.6 

16  950 

16  841 

5.13 

7.00 

6.13 

169 

16  775 

1.188 

2029 

110-32-F    4242 

85.6 

26  815 

26  629 

8.11 

6.28 

5.50 

52 

26  640 

1.197 

2030 

165-24-F    4013 

81.0 

26  326 

26  126 

7.96 

6.51 

5  ^0 

63 

26  081 

1.197 

2031 

83-40-F    4244 

85.6 

27  804 

27  598 

8.41 

6.50 

5.39 

303 

27  419 

1.197 

2032 

165-32-F    5352 

108.0 

30  933 

30  627 

9.33 

5.72 

4.98 

105 

30  480 

1.195 

2033 

110-48-F    5126 

103.5 

32  341 

32  030 

9.76 

6.25 

5.38 

389 

31  791 

1.194 

2034 

193-40-F    7767 

156.8 

38  841 

38  445 

11.71 

4.95 

4.31 

414 

38  330 

1.194 

2035 

110-40-F    5565 

112.3 

33  253 

32  856 

10.01 

5.90 

5.05 

38 

32  940 

1.190 

2037 

165-4 0-F 

6554 

132.3 

38  440 

38  056 

11.59 

5.81 

4.99 

102 

37  769 

1.193 

2038 

55-24-F 

2012 

40.6 

14  967 

14  625 

4.45 

7.27 

6.38 

709 

14  199 

1.203 

2039 

110-32-F    4517 

91.2 

27  927 

27  762 

8.46 

6.15 

5.42 

109 

27  663 

1.201 

2040 

165-40-F  '  7482 

151.0 

38  130 

37  901 

11.54 

5.07 

4.45 

70 

37  787 

1.201 

2041 

110-40-F    5861 

118.3 

33  656 

33  163 

10.10 

5.66 

4.86 

290 

32  794 

1.193 

2042 

110-24-F    3356 

67.7 

22  539 

22  431 

6.83 

6.68 

5.77 

425 

22  247 

1.204 

2043 

110-48-F 

7403 

149.4 

38  840 

38  468 

11.72 

5.20 

4.50 

314 

38  213 

1.196 

2044 

110-56-F 

8361 

168.7 

44  098 

43  780 

13.34 

5.23 

4.55 

242 

43  382 

1.201 

2045 

110-16-F 

2427 

49.0 

17  228 

17  151 

5.22 

7.07 

6.13 

388 

16  968 

1.201 

2072 

110-40-F 

5927 

119.6 

33  910 

33  656 

10.25 

5.68 

4.95 

78 

33  554 

1.197 

2073 

110-32-F 

4359 

87.9 

28  029 

27  866 

8.49 

6.39 

5.54 

238 

27  731 

1.203 

2074 

165-32-F 

6015 

121.3 

34  896 

34  551 

10.52 

5.74 

5.11 

216 

34  354 

1.195 

2075 

55-32-F 

2327 

47.0 

16  574 

16  523 

5.03 

7.10 

6.18 

171 

16  431 

1.204 

2076 

220-32-F 

7831 

158.0 

39  261 

38  820 

11.82 

4.96 

4.20 

82 

38  608 

1.193 

2077 

110-24-F 

3281 

66.2 

21  959 

21  878 

6.64 

6.67 

5.82 

141 

21  770 

1.203 

2078 

165-24-F 

4707 

95.0 

28  668 

28  493 

8.68 

6.05 

5.25 

101 

28  404 

1.201 

2079 

220-24-F 

5783 

116.7 

31  849 

31  597 

9.62 

5.46 

4.99 

224 

31  347 

1.198 

2080 

110-16-F 

2422 

48.9 

17  392 

17  336 

5. 23 

7.16 

6.23 

214 

17  244 

1.203 

2081 

55-24-F 

1975 

39.9 

14  326 

14  289 

4.35 

7.24 

6.39 

211 

14  205 

1.206 

2082 

165-40-F 

8994 

181.5 

41  078 

40  738 

12.41 

4.53 

3.99 

60 

40  625 

1.193 

2083 

165-16-F 

3338 

67.4 

22  022 

21  918 

6.68 

6.57 

5.66 

425 

21  656 

1.201 

2084 

110-48-F 

7914 

159.7 

38  932 

38  646 

11.77 

4.88 

4.24 

60 

38  671 

1.205 

2085 

55-40-F 

3058 

61.7 

20  730 

20  674 

6.30 

6.76 

5.91 

146 

20  616 

1.219 

2086 

55-24-F 

2068 

41.7 

14  329 

14  290 

4.35 

6.91 

6.08 

213 

14  219 

1.208 

2087 

110-16-F 

2474 

49.9 

17  314 

17  259 

5.26 

6.98 

6.16 

189 

17  175 

1.204 

2088 

220-16-F 

,  3353 

67.7 

22  459 

22  328 

6.80 

6.66 

5.77 

142 

22  233 

1.202 

2089 

220-40-F 

11127 

224.5 

45  902 

45  521 

13.87 

4.09 

3.59 

42 

45  498 

1.198 

2092 

|  165-32-F 

5640 

113.8 

34  866 

34  601 

10.54 

6.13 

5.25 

64 

34  660 

1.198 

2093 

165-48-F 

10216 

206.2 

48  416 

47  994 

;  14.62 

4.70 

4.04 

36 

48  387 

1.197 

2094 

110-56-F 

|  8434 

170.2 

45  355 

44  988 

13.71 

5.33 

4.58 

80 

44  709 

1.198 

2095 

55-48-F 

3334 

67.3 

23  805 

23  707 

7.22 

7.11 

6.24 

73 

23  643 

1.202 

2096 

55-40-F 

21  222 

21  057 

6.41 

285 

20  837 

1.196 

2097 

55-32-F 

18  124 

17  933 

5.46 

291 

17  807 

1.196 

2098 

55-48-F 

24  498 

24  216 

7.38 

303 

23  843 

1.194 

2090 

110-24-F 

3176 

64.1 

21  688 

21  614 

6.58 

6.80 

r,  on 

73 

21  542 

1.203 

2091 

1  165-32-F 

5252 

106.0 

33  534  33  320  10.15 

6.34 

1  5.50 

1   39 

33  178 

1.200 

laboratory  tests  of  a  consolidation  locomotive  105 

Table  26. 
Boiler  Performance — Equivalent  Evaporation,  Horse  Power,  and 

Efficiency. 


Effi- 
ciency 

of 
Boiler, 

per 

cent 
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Table  27. 

Engine  Performance — Mean  Effective  Pressure  and  Number  of 

Expansions. 


Laboratory 

Mean  Effective  Pressure,  lb.  per  sq.  in. 

Number  of  Expansions 

Test 

Right 

Side 

Left  Side 

Right  Side 

Left 

Side 

No. 

Designation 

Head 

Crank 

Aver- 
age 

Head 

Crank 

Head" 

Head 

Crank 

Crank 

End 

End 

End 

End 

End 

End 

End 

End 

Code  Itemfi?" 
138-16-F 

674 

675 

676 

677 

678 

697 

698 
2.34 

699 

700 



2009 
2010 
2012 
2013 

32.8 

32.9 

32.9 

37.7 

34.1 

2.51 

2.35 

2.50 

193-20-F 

28.3 

36.9 

29.0 

36.4 

32.6 

2.18 

2.38 

2.55 

2.56 

138-24-F 

45.5 

53.1 

48.0 

53.7 

50.1 

2.15 

2.36 

2.29 

2.24 

138-32-F 

56.8 

65.5 

57.4 

65.9 

61.4 

1.95 

1.84 

1.93 

2.03 

2014 

193-32-F 

44.7 

52.2 

41.6 

49.7 

47.1 

1.78 

1.89 

1.99 

1.94 

2015 

193-24-F 

33.8 

40.3 

32.8 

40.3 

36.8 

2.21 

2.21 

2.18 

2.30 

2016 

193-16-F 

23.0 

28.4 

21.1 

29.3 

25.5 

2.44 

2.58 

2.74 

2.53 

2017 

83-16-F 

42.9 

46.8 

45.8 

50.8 

46.6 

2.40 

2.47 

2.39 

2.31 

2018 

83-24-F 

59.5 

65.4 

63.7 

69.7 

64.6 

2.17 

2.24 

2.13 

2.07 

2019 

83-3 2-F 

76.2 

85.1 

79.9 

89.6 

82.7 

2.03 

1.82 

1.95 

1.74 

2020 

83-24-F 

58.2 

63.5 

62.4 

68.6 

63.2 

2.38 

2.05 

2.25 

2.08 

2021 

83-16-F 

42.2 

43.8 

47.3 

52.7 

46.5 

2.65 

2.57 

2.53 

2.34 

2022 

83-32-F 

77.2 

86.7 

80.6 

89.5 

83.5 

1.97 

1.85 

2.01 

1.80 

2023 

138-40-F 

70.2 

76.4 

69.8 

81.3 

74.4 

1.87 

1.59 

1.69 

1.66 

2024 

55-24-F 

69.8 

74.8 

72.5 

78.8 

74.0 

2026 

110-16-F 

36.5 

40.6 

38.1 

48.7 

41.0 

2.49 

1.92 

2.37 

2.41 

2027 

110-24-F 

55.3 

59.3 

57.3 

65.2 

59.3 

2.26 

2.11 

2.28 

2.08 

2028 

5 5-3 2-F 

88.2 

93.2 

94.2 

103.9 

94.9 

1.96 

1.83 

1.91 

1.78 

2029 

11 0-3 2-F 

71.8 

76.6 

73.8 

84.7 

76.7 

2.08 

1.97 

1.96 

1.89 

2030 

165-24-F 

42.4 

47.5 

45.5 

49.4 

46.2 

2.21 

2.29 

2.35 

2.05 

2031 

83-40-F 

91.9 

95.8 

95.3 

104.6 

96.9 

1.78 

1.67 

1.71 

1.60 

2032 

165-32-F 

53.8 

56.8 

53.6 

62.5 

56.7 

1.95 

1.97 

2.14 

1.93 

2033 

110-48-F 

88.9 

91.6 

88.1 

93.1 

90.4 

1.75 

1.72 

1.68 

1.58 

2034 

193-40-F 

54.7 

56.4 

52.2 

60.6 

56.0 

1.80 

1.61 

1.80 

1.67 

2035 

110-40-F 

83.3 

85.0 

86.8 

93.2 

87.1 

1.81 

1.72 

1.67 

1.65 

2037 

165-40-F 

63.1 

65.4 

62.9 

71.2 

65.7 

1.73 

1.66 

1.84 

1.64 

2038 
2039 
2040 
2041 

55-24-F 

66.6 

73.6 

73.1 

80.3 

73.4 

110-32-F 

69.3 

77.0 

71.9 

79.4 

74.4 

1.87 

1.78 

1.87 

1.83 

165-40-F 

61.8 

66.2 

62.1 

68.1 

64.5 

1.65 

1.67 

1.65 

1.68 

110-40-F 

83.3 

90.4 

85.8 

91.1 

87.7 

1.67 

1.65 

1.65 

1.67 

2042 

110-24-F 

54.3 

60.7 

60.8 

63.8 

59.9 

2.03 

2.14 

1.92 

2.12 

2043 

110-48-F 

97.4 

101.3 

98.3 

102.5 

99.9 

1.54 

1.49 

1.60 

1.52 

2044 

110-56-F 

103.0 

107.0 

104.8 

108.7 

105.9 

1.38 

1.37 

1.36 

1.37 

2045 

110-16-F 

37.2 

42.0 

40.3 

45.0 

41.1 

2.13 

2.39 

1.97 

2.28 

2072 

110-40-F 

94.1 

99.3 

96.9 

100.2 

97.6 

1.64 

1.63 

1.63 

1.67 

2073 

110-32-F 

77.4 

81.7 

80.4 

83.6 

80.8 

2.29 

1.95 

1.92 

1.90 

2074 

165-32-F 

61.7 

67.8 

61.8 

67.5 

64.7 

2.50 

1.87 

1.92 

1.98 

2075 

55-3 2-F 

93.8 

99.9 

101.7 

100.3 

98.9 

1.89 

1.77 

1.83 

1.91 

2076 

220-32-F 

53.0 

53.2 

47.1 

52.6 

51.5 

1.96 

1.79 

1.76 

1.71 

2077 

110-24-F 

56.0 

63.9 

61.9 

67.6 

62.4 

2.05 

2.05 

2.04 

2.09 

2078 

165-24-F 

48.2 

55.6 

50.0 

54.0 

52.0 

2.10 

2.12 

2.02 

2.26 

2079 

220-24-F 

40.9 

43.2 

40.2 

41.8 

41.5 

2.28 

2.26 

2.32 

2.18 

2080 

110-16-F 

38.8 

45.5 

43.5 

47.7 

43.9 

2.32 

2.32 

2.43 

2.53 

2081 

55-24-F 

72.1 

78.1 

80.8 

77.6 

77.1 

2.01 

1.99 

1.98 

2.18 

2082 

165-40-F 

71.7 

78.3 

71.9 

75.9 

74.5 

1.81 

1.49 

1.67 

1.63 

2083 

165-16-F 

33.2 

39.3 

39.0 

37.3 

37.2 

2.28 

2.35 

2.20 

2.45 

2084 

110-48-F 

103.3 

108.1 

103.5 

107.8 

105.7 

1.53 

1.49 

1.54 

1.54 

2085 

55-40-F 

112.7 

120.0 

120.3 

118.1 

117.8 

1.60 

1.61 

1.64 

1.67 

2086 

55-24-F 

71.9 

77.2 

81.1 

78.0 

77.1 

2.09 

2.08 

2.03 

2.22 

2087 

110-16-F 

39.2 

44.5 

43.7 

47.6 

43.7 

2.22 

2.43 

2.40 

2.30 

2088 

220-16-F 

28.0 

27.1 

29.7 

27.5 

28.1 

2.54 

2.50 

2.67 

2.56 

2089 

220-40-F 

57.8 

60.8 

56.2 

60.1 

58.7 

1.63 

1.57 

1.69 

1.57 

2092 

165-32-F 

61.9 

68.0 

63.9 

67.3 

65.3 

1.96 

1.93 

1.97 

2.01 

2093 

165-48-F 

81.1 

86.9 

82.0 

86.6 

84.2 

1.57 

1.47 

1.53 

1.45 

2094 

110-56-F 

115.8 

120.8 

118.5 

121.3 

119.1 

1.41 

1.42 

1.36 

1.42 

2095 

55-48-F 

131.8 

136.7 

136.7 

136.2 

135.4 

1.54 

1.49 

1.49 

1.55 

2096 

55-40-F 

115.1 

121.2 

123.2 

121.3 

120.2 

1.72 

1.63 

1.64 

1.71 

2097 

5 5-3 2-F 

97.0 

103.7 

103.2 

102.2 

101.5 

1.85 

1.82 

1.79 

1.93 

2098 

55-48-F 

133.0 

138.1 

141.3 

137.7 

137.5 

1.54 

1.49 

1.50 

1.57 

2090 

110-24-F 

52.7 

59.1 

59.2 

61.4 

58.1 

2.10 

2.32 

2.20 

2.11 

2091 

165-32-F 

54.2 

60.2 

58.1 

60.9 

58.3 

2.05 

1.81 

2.16 

2.22 
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Table  28. 
Engine  Performance — Indicated  Horse  Power. 


Test 
No. 


2009 
2010 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2026 
2027 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2037 

2038 
2039 
2040 
2041 
2042 
2043 
2044 
2045 

2072 

2073 

2074 

2075 

2076 

2077 

2078 

2079 

2080 

2081 

2082 

2083 

2084 

2085 

2086 

2087 

2088 

2089 

2092 

2093 

2094 

2095 

2096 

2097 

2098 

2090 
2091 


Indicated  Horse  Power 


Laboratory 
Designation 


Right  Side 


Left  Side 


Head 

End 


Crank 
End 


Head 
End 


Crank 
End 


Total 


Maxi- 
mum 


Code  Item^T 


138-16-P 

193-20-P 

138-24-F 

138-32-F 

193-32-F 

193-24-F 

193-16-F 

83-16-F 

83-24-F 

83-32-F 

83-24-F 

83-16-F 

83-32-F 

138-40-F 

55-24-F 

110-16-F 

110-24-F 

55-32-F 

110-32-F 

165-24-F 

83-40-F 

165-32-F 

110-48-F 

193-40-F 

110-40-F 

165-40-P 

55-24-F 
110-32-F 
165-40-F 
110-40-F 
110-24-F 
110-48-F 
110-56-F 
110-16-F 

110-40-F 

110-32-F 

165-32-F 

55-32-F 

220-32-F 

110-24-F 

165-24-F 

220-24-F 

110-16-F 

55-24-F 

165-40-F 

165-16-F 

110-48-F 

55-40-F 

55-24-F 

110-16-F 

220-16-F 

220-40-P 

165-32-F 

165-48-F 

110-56-F 

55-48-F 

55-40-F 

55-32-F 

55-48-F 

110-24-F 
165-32-F 


707 

131.9 

161.2 

183.9 

229.6 

258.4 

195.8 

133.1 

99.3 

137.6 

177.6 

i  135.4 

97.8 

180.0 

282.4 

102.3 

115.5 

I  175.9 

I  128.4 

1  228.1 

208.0 

226.9 

261.4 

282.6 

314.0 

269.4 

309.1 

97.8 
220.5 
301.4 
265.4 
172.8 
309.0 
326.7 
118.2 

299.3 

245.8 

303.7 

137.9 

353.5 

179.9 

236.4 

275.4 

124.3 

105.9 

353.1 

163.9 

331.6 

167.2 

106.5 

126.5 

189.5 

386.6 

302.2 

396.0 

372.2 

196.2 

172.0 

146.7 

200.0 

169.7 
266.6 


708 

128.8 
203.4 
207.4 
256.5 
292.0 
225.9 
158.9 
104.8 
146.6 
192.1 
143.2 
98.3 
195.9 
297.5 
106.2 
124.5 
182.7 
131.3 
235.8 
225.2 
229.5 
267.3 
282.0 
313.6 
266.1 
310.1 

104.7 
237.1 
312.8 
279.3 
186.5 
311.3 
328.7 
129.2 

305.9 

251.3 

322.9 

142.3 

344.0 

198.8 

263.8 

281.1 

141.3 

111.2 

373.7 

188.0 

336.0 

172.4 

111.4 

138.9 

177.7 

393.6 

321.4 

411.5 

375.9 

197.1 

175.3 

152.0 

201.1 

184.2 
286.6 


709 

135.1 
167.9 
197.3 
237.0 
245.0 
193.4 
124.6 
107.9 
150.3 
189.7 
148.1 
111.7 
191.8 
286.0 
108.3 
122.7 
185.7 
139.7 
238.9 
227.1 
241.1 
265.7 
285.4 
305.3 
285.9 
313.9 

109.4 
233.0 
308.7 
278.7 
197.0 
318.1 
338.7 
130.5 

313.8 
260.1 
309.7 
152.7 
320.0 
202.7 
249.5 
275.3 
142.0 
120.9 
361.1 
196.4 
338.5 
181.7 
123.2 

143.5 

204.9 

382.6 

319.6 

408.3 

388.3 

211.4  ! 

187.4  | 

159.0  | 

216.6 

194.2  I 
291.0 


710 


149.7 
204.5 
214.2 
263.2 
283.6 
230.5 
167.2 
116.1 
159.3 
206.3 
157.7 
120.8 
206.2 
322.8 
114.2 
152.3 
204.8 
149.3 
265.8 
239.3 
256.4 
300.2 
292.3 
343.8 
297.7 
344.6 

116.5 
249.4 
328.1 
287.0 
197.4 
321.2 
340.6 
141.2 

314.8 

262.1 

328.0 

145.7 

346.8 

214.3 

261.5 

278.1 

150.9 

112.5 

369.4 

182.1 

341.4 

173.0 

114.9 

151.4 

184.0 

397.1 

324.1 

417.7 

385.0 

200.2 

178.9 

152.8 

204.5 

195.0 
295.8 


711 

545.5 

737.0 

802.8 

986.3 

1079.0 

845.6 

583.8 

428.1 

593.8 

765.7 

584.4 

428.6 

773.9 

1188.7 

431.0 

515.0 

749.1 

548.7 

968.6 

899.6 

953.9 

1094.6 

1142.3 

1276.7 

1119.1 

1277.7 

428.4 

940.0 
1251.0 
1110.4 

753.9 
1259.6 
1334.7 

519.1 

1233.8 

1019.3 

1264.3 

578.6 

1364.3 

795.7 

1011.2 

1109.9 

558.5 

450.5 

1457.3 

730.4 

1347.5 

694.3 

456.0 

560.3 

756.1 

1559.9 

1267.3 

1633.5 

1521.4 

804.9 

713.6 

610.6 

822.2 

743.1 
1140.0 


721 


687.5 

902.5 

1023.7 

1224.6 

1374.9 

1051.3 

774.8 

624.5 

742.0 

948.8 

596.3 

441.7 

797.9 

1217.6 

450.9 

527.6 

557.6 

974.7 

924.4 

992.4 

1125.8 

1155.3 

1299.0 

1148.6 

1307.5 

442.6 

967.5 
1294.3 
1133.7 

799.9 
1284.3 
1391.1 

534.7 

1253.2 

1047.8 

1282.6 

597.2 

1390.0 

813.9 

1023.2 

1152.3 

576.0 

467.6 

1484.1 

756.1 

1366.2 

705.6 

466.4 

574.9 

791.4 

1588.6 

1427.0 

1654.2 

1570.1 

822.7 

733.1 

621.0 

837.5 

757.3 
1170.8 
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Table  29. 

Engine    Performance — Coal,    Steam,    and    B.t.u.    per    Indicated 
Horse  Power  Hour. 


Test 

Laboratory 
Designation 

Consumed 

per  Indicated  Horse  Power 

per  Hour 

No. 

Dry  Coal,  lb.  1 

B.t.u.  in  Coal  Dry  Steam,  lb. 

B.t.u.  in  Steam 
Above  32 °F. 

Code  Item£2T 

734 

735 

736 

737 

2009 

138-16-F 

4.85 

60  882 

33.06 

2010 

193-20-F 

5.19 

64  527 

32.07 

2012 

138-24-F 

4.61 

56  611 

29.44 

2013 

138-32-F 

4.81 

58  884 

29.14 

2014 

193-32-F 

5.72 

69  692 

29.82 

2015 

193-24-F 

5.82 

71  627 

32.32 

2016 

193-16-F 

5.55 

66  556 

35.18 

2017 

83-16-F 

4.54 

56  396 

34.08 

2018 

83-24-F 

4.25 

52  126 

29.71 

2019 

83-32-F 

4.18 

52  346 

28.96 

2020 

83-24-F 

4.22 

51  914 

29.99 

35  943 

2021 

83-16-F 

5.07 

62  229 

32.10 

38  478 

2022 

83-32-F 

4.75 

56  406 

28.14 

33  723 

2023 

138-40-F 

5.56 

68  449 

29.10 

34  876 

2024 

55-24-F 

4.17 

53  009 

34.74 

41  650 

2026 

110-16-F 

4.44 

54  652 

31.67 

37  969 

2027 

110-24-F 

4.34 

55  066 

27.84 

33  377 

2028 

55-32-F 

4.37 

55  294 

30.57 

36  653 

2029 

110-32-F 

4.38 

55  188 

27.51 

32  984 

2030 

165-24-F 

4.45 

56  769 

28.99 

34  756 

2031 

83-40-F 

4.42 

52  991 

28.75 

34  468 

2032 

165-32-F 

4.87 

59  619 

27.84 

33  365 

2033 

110-48-F 

4.45 

54  481 

27.83 

33  363 

2034 

193-40-F 

6.07 

71838 

30.02 

35  982 

2035 

110-40-F 

4.99 

61  522 

29.43 

35  278 

2037 

165-40-F 

5.09 

63  325 

29.56 

35  439 

2038 

55-24-F 

4.56 

52  176 

33.14 

39  745 

2039 

110-32-F 

4.79 

56  206 

29.43 

35  287 

2040 

165-40-F 

5.96 

72  497 

30.21 

36  206 

2041 

110-40-F 

5.22 

64  081 

29.54 

35  407 

2042 

110-24-F 

4.42 

54  247 

29.52 

35  391 

2043 

110-48-F 

5.84 

73  134 

30.34 

36  372 

2044 

110-56-F 

6.21 

75  712 

32.50 

38  948 

2045 

110-16-F 

4.63 

55  028 

32.69 

39  195 

2072 

110-40-F 

4.79 

59  683 

27.19 

32  601 

2073 

110-32-F 

4.26 

54  319 

27.20 

32  586 

2074 

165-32-F 

4.73 

59  480 

27.17 

32  574 

2075 

55-32-F 

4.00 

50  872 

28.40 

34  052 

2076 

220-32-F 

5.71 

71  483 

28.30 

33  929 

2077 

110-24-F 

4.10 

51  795 

27.36 

32  788 

2078 

165-24-F 

4.63 

57  954 

28.09 

33  677 

2079 

220-24-F 

5.17 

66  005 

28.25 

33  869 

2080 

110-16-F 

4.31 

55  375 

30.87 

37  016 

2081 

55-24-F 

4.36 

55  372 

31.53 

37  808 

2082 

165-40-F 

6.15 

77  650 

27.88 

33  423 

2083 

165-16-F 

4.52 

57  223 

29.65 

35  553 

2084 

110-48-F 

5.88 

72  353 

28.69 

34  391 

2085 

55-40-F 

4.39 

55  411 

29.69 

35  598 

2086 

55-24-F 

4.51 

56  763 

31.18 

37  388 

2087 

110-16-F 

4.39 

53  383 

30.65 

36  752 

2088 

220-16-F 

4.42 

53  460 

29.40 

35  251 

2089 

220-40-F 

7.10 

87  728 

29.18 

34  978 

2092 

165-32-F 

4.46 

56  285 

27.34 

32  783 

2093 

165-48-F 

6.31 

79  197 

29.62 

35  500 

2094 

110-56-F 

5.58 

69  337 

29.39 

35  233 

2095 

55-48-F 

4.15 

51  107 

29.37 

35  215 

2096 

55-40-F 

35  005 

2097 

55-32-F 

34  978 

2098 

55-48-F 

34  783 

2090 

110-24-F 

4.26 

53  650 

28.99 

34  762 

2091 

165-32-F 

4.58 

I    58  080 

29.10 

34  894 
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Table  30. 

General  Performance— Drawbar  Horse  Power  and  Millions  of 
Foot  Pounds  at  Drawbar. 


Test 
No. 


Laboratory     D^" 
Designation       Horse 


Power 


2009 
2010 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2026 
2027 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2037 

2038 
.2039 
2040 
2041 
2042 
2043 
2044 
2045 

2072 
2073 
2074 
2075 
2076 
2077 
2078 
2079 
2080 
2081 
2082 
2083 
2084 
2085 
2086 
2087 
2088 
2089 
2092 
2093 
2094 
2095 
2096 
2097 
2098 

2090 
2091 


Codeltemfc; 


138-16-F 

193-20-F 

138-24-F 

138-32-F 

193-32-F 

193-24-F 

193-16-F 

83-16-F 

83-24-F 

83-3 2-F 

83-24-F 

83-16-F 

8 3-3 2-F 

138-40-F 

55-24-F 

110-16-F 

110-24-F 

55-32-F 

11 0-3 2-F 

165-24-F 

83-40-F 

165-3 2-F 

110-48-F 

193-40-F 

110-40-F 

165-40-F 

55-24-F 
11 0-3 2-F 
165-40-F 
110-40-F 
110-24-F 
110-48-F 
110-56-F 
110-16-F 

110-40-F 

11 0-3 2-F 

165-32-F 

55-32-F 

2 2 0-3 2-F 

110-24-F 

165-24-F 

220-24-F 

110-16-F 

55-24-F 

165-40-F 

165-16-F 

110-48-F 

55-40-F 

55-24-F 

110-16-F 

220-16-F 

220-40-F 

165-32-F 

165-48-F 

110-56-F 

55-48-F 

55-40-F 

55-32-F 

55-48-F 

110-24-F 
165-32-F 


743 


Consumed  per  D.H.P.  Hour  Millions 
of  Foot 
Pounds 

at 
Drawbar 
per  Hour 


684.9 
863.7 
853.1 
626.2 
418.2 
357.1 
511.7 
683.1 
508.9 
346.3 
674.6 

1070.5 
355.6 
415.1 
633.6 
488.1 
820.8 
725.8 
869.7 
922.8 

1007.9 
961.7 
942.9 

1045.3 

368.4 

824.2 
1133.6 
1007.7 

674.8 
1158.5 
1257.7 

436.6 

1107.8 
898.3 

1107.3 
501.4 

1157.1 
670.2 
833.8 
928.5 


1214.6 

583.6 

1197.2 

614.5 

386.0 

437.6 

631.3 

1321.6 

1117.6 

1431.6 

1354.1 

718.0 

622.8 

525.2 

732.2 

614.9 
985.6 


Dry     Dry 
Coal,  I  Steam, 
lb.      lb. 


744 


5.40 
5.50 
7.25 
7.86 
7.75 
5.45 
4.93 
4.68 
4.85 
6.27 
5.44 
6.16 
5.05 
5.51 
5.13 
4.91 
5.17 
5.52 
4.85 
5.77 
5.05 
8.05 
5.92 
6.22 

5.30 
5.46 
6.58 
5.75 
4.93 
6.35 
6.59 
5.50 

5.33 
4.83 
5.40 
4.62 
6.73 
4.87 
5.62 
6.18 


7.38 
5.65 
6.62 
4.96 
5.33 
5.63 
5.29 
8.38 
5.06 
7.19 
6.27 
4.66 


5.15 
5.31 


B.t.u. 


Per  Million  Ft.   lb.  at 
Drawbar 


745 


Dry 

Coal, 

lb. 


34.50 
33.28 
37.71 
43.64 
49.11 
40.85 
34.48 
32.46 
34.46 
39.72 
32.29 
32.31 
42.34 
39.31 
32.92 
34.37 
32.50 
35.95 
31.52 
33.22 
31.54 
39.86 
34.99 
36.09 

38.54 
33.56 
33.33 
32.54 
32.97 
32.98 
34.49 
38.86 

30.28 
30.87 
31.03 
32.76 
33.36 
32.48 
34.06 
33.84 


33.45 
37.10 
32.30 
33.55 
36.83 
39.24 
35.21 
34.42 
31.01 
33.80 
33.02 
32.92 
33.46 
33.91 
32.56 

35.03 
33.66 


746 


66  312 

67  331 
88  334 
96  733 
92  938 
67  700 

60  466 

58  608 

59  665 

76  958 
64  600 
75  836 

64  196 
67  823 

65  089 
62  126 
64  553 
70  419 
58  147 
70  636 

61  827 
95  272 
72  988 

77  383 

60  643 

64  068 
80  039 
70  587 

60  506 

79  521 

80  345 

65  368 

66  412 

61  587 

67  905 
58  757 
84  253 
61  523 
70  346 

78  900 


760 


93  180 

I  71  529 

81  459 

62  605 
67  083 
69  091 

63  983 
103  543 

I  63  857 
90  242 
77  911 

I  57  388 


64  859 
67  044 


1357 

1711 

1689 

1240 

828 

707 

1014 

1353 

1009 

686 

1336 

2120 

706 

822 

1255 

967 

1626 

1438 

1723 

1828 

1996 

1905 

1868 

2070 

730 
1631 
2244 
1995 
1336 
2293 
2490 

865 

2193 
1779 
2193 
993 
2291 
1328 
1651 
1839 


2405 
1156 
2371 
1217 
764 
867 
1250 
2617 
2213 
2835 
2681 
1422 
1234 
1040 
1450 

1218 
1952 


752 


2.73 
2.77 
3.66 
3.97 
3.92 
2.75 
2.49 
2.36 
2.44 
3.16 
2.75 
3.11 
2.54 
2.78 
2.59 
2.48 
2.61 
2.79 
2.45 
2.91 
2.55 
4.07 
2.99 
3.14 

2.68 
2.76 
3.32 
2.91 
2.49 
3.21 
3.33 
2.78 

2.69 
2.44 
2.73 
2.33 
3.40 
2.46 
2.84 
3.12 


3.73 
2.85 
3.34 
2.51 
2.69 
2.84 
2.67 
4.25 
2.55 
3.63 
3.17 
2.35 


2.60 
2.68 


16.9 
18.7 
16.3 
16.9 
18.6 
19.8 
17.8 
17.4 
15.7 
17.1 
16.7 
16.6 
16.9 
17.1 
16.4 

17.7 
17.0 


I  Dry 
Steam, 
!__Ib._ 
753 


17.4 
16.8 
19.0 
22.0 
24.8 
20.6 
17.4 
16.4 
17.4 
20.0 
16.3 
16.3 
21.2 
19.8 
16.6 
17.3 
16.4 
18.1 
15.9 
16.7 
15.9 
20.1 
17.6 
18.2 

19.4 
17.0 
16.8 
16.4 
16.7 
16.7 
17.4 
19.6 

15.3 
15.6 
15.7 
16.5 
16.9 
16.4 
17.1 
17.0 


B.t.u. 


754 


33  524 

33  910 
44  593 
48  859 

47  009 

34  161 
30  540 

29  554 

30  017 
38  786 
32  656 

38  287 
32  288 

34  219 
32  862 

31  379 

32  588 

35  592 

29  373 

35  624 
31220 

48  168 

36  864 

39  065 

30  665 

32  386 

40  384 
35  723 

30  560 
40  199 
40  599 

33  040 

33  517 

31  112 

34  330 
29  633 
42  565 
31077 

35  548 
39  833 


47  095 
36  081 
41  099 

31  681 

33  856 

34  852 

32  294 
52  513 
32  181 
45  560 
39  390 
28  940 


32  744 

33  838 
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Table  31. 

General  Performance — Indicated  Horse  Power,  Drawbar  Horse 
Power,  and  Tractive  Force. 


Indicated    Horse  Power 

Drawbar    Horse    Power 

Tractive 

Force 

Test 

Laboratory 

Per 

Per 

Per  " 

Per 

Based 

No. 

Designation 

sq.  ft.  of 

sq.  ft.  of 

sq.  ft.  of 

sq.  ft.  of 

on 

Heating 

Grate 

Heating 

Grate 

M.E.P., 

Surface 

Surface 

Surface 

Surface 

lb. 

DodeItem£3° 

755 

766 

757         i 

758 

764 

2009 

138-16-F 

0.17 

11.01 

8  096 

2010 

193-20-F 

0.22 

14.89 

7  745 

2012 

138-24-F 

0.24 

16.23 

0.21 

13.84 

11  876 

2013 

138-32-F 

0.30 

19.91 

0.26 

17.43 

14  581 

2014 

193-32-F 

0.33 

21.84 

0.26 

17.27 

11  153 

2015 

193-24-F 

0.26 

17.09 

0.19 

12.65 

8  736 

2016 

193-16-F 

0.18 

11.83 

0.13 

8.48 

6  031 

2017 

83-16-F 

0.13 

8.69 

0.11 

7.25 

11  050 

2018 

83-24-F 

0.18 

12.04 

0.16 

10.39 

15  325 

2019 

83-32-F 

0.23 

15.53 

0.21 

13.86 

19  621 

2020 

83-24-F 

0.18 

11.81 

0.16 

10.29 

14  994 

2021 

83-16-F 

0.13 

8.81 

0.11 

7.12 

11  050 

2022 

83-32-F 

0.24 

15.64 

0.21 

13.62 

19  827 

2023 

138-40-F 

0.37 

24.29 

0.33 

21.87 

17  659 

2024 

55-24-F 

0.13 

8.79 

0.11 

7.25 

17  555 

2026 

110-16-F 

0.16 

10.41 

0.13 

8.39 

9  728 

2027 

110-24-F 

0.23 

15.15 

0.19 

12.82 

14  065 

2028 

55-32-F 

0.17 

11.11 

0.15 

9.89 

22  533 

2029 

110-32-F 

0.29 

19.54 

0.25 

16.56 

18  216 

2030 

165-24-F 

0.27 

18.19 

0.22 

14.67 

10  967 

2031 

83-40-F 

0.29 

19.38 

0.27 

17.66 

22  967 

2032 

165-32-F 

0.34 

22.20 

0.28 

18.71 

13  445 

2033 

110-48-F 

0.35 

23.22 

0.31 

20.49 

21  459 

2034 

193-40-P 

0.39 

25.85 

0.29 

19.47 

13  280 

2035 

110-40-F 

0.34 

22.53 

0.29 

18.98 

20  674 

2037 

165-40-F 

0.39 

25.99 

0.32 

21.26 

15  593 

2038 

55-24-F 

0.13 

8.91 

0.12 

7.66 

17  431 

2039 

110-32-F 

0.29 

19.04 

0.25 

16.69 

17  659 

2040 

165-40-F 

0.38 

25.33 

0.35 

22.95 

15  304 

2041 

110-40-F 

0.34 

22.65 

0.31 

20.57 

20  819 

2042 

110-24-F 

0.23 

15.33 

0.21 

13.73 

14  148 

2043 

110-48-F 

0.39 

25.59 

0.36 

23.54 

23  710 

2044 

110-56-F 

0.41 

27.22 

0.39 

25.63 

25  115 

2045 

110-16-F 

0.16 

10.59 

0.13 

8.91 

9  769 

2072 

110-40-F 

0.38 

24.97 

0.34 

22.43 

23  256 

2073 

110-32-F 

0.31 

20.67 

0.27 

18.22 

19  249 

2074 

165-32-F 

0.39 

25.67 

0.34 

22.48 

15  387 

2075 

55-32-F 

0.18 

11.75 

0.15 

10.18 

23  627 

2076 

220-32-F 

0.42 

27.68 

0.35 

23.48 

12  247 

2077 

110-24-F 

0.24 

16.14 

0.21 

13.60 

14  850 

2078 

165-24-F 

0.31 

20.47 

0.25 

16.88 

12  351 

2079 

220-24-F 

0.34 

22.58 

0.29 

18.89 

9  893 

2080 

110-16-F 

0.17 

11.33 

10  451 

2081 

55-24-P 

0.14 

9.14 

18  382 

2082 

165-40-F 

0.45 

29.49 

0.37 

24.58 

17  741 

2083 

165-16-F 

0.23 

14.92 

0.18 

11.92 

8  860 

2084 

110-48-F 

0.41 

27.19 

0.36 

24.16 

25  218 

2085 

55-40-F 

0.21 

14.05 

0.19 

12.43 

28  047 

2086 

55-24-F 

0.14 

9.25 

0.12 

7.83 

18  361 

2087 

110-16-F 

0.17 

11.37 

0.13 

8.87 

10  409 

2088 

220-16-F 

0.23 

15.33 

0.19 

12.79 

6  671 

2089 

220-40-F 

0.48 

31.50 

0.40 

26.68 

13  962 

2092 

165-32-F 

0.39 

25.53 

0.34 

22.51 

15  531 

2093 

165-48-F 

0.49 

32.69 

0.43 

28.66 

20  158 

2094 

110-56-F 

0.47 

30.89 

0.42 

27.50 

28  336 

2095 

55-48-P 

0.25 

16.28 

0.22 

14.53 

32  426 

2096 

55-40-F 

0.22 

14.55 

0.19 

12.70 

28  605.  . 

2097 

55-32-F 

0.19 

12.41 

0.16 

10.68 

24  205 

2098 

55-48-F 

0.25 

16.85 

0.23 

15.01 

32  818 

2090 

110-24-F 

0.23 

15.05 

0.19 

12.45 

13  879 

2091 

165-32-F 

0.35 

23.10 

0.30 

19.98 

13  900 
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Table  32. 
-Machine    Friction,     Efficiencies,     and 
Ratios. 


Machine  Friction  of  Loco- 

| 

Ratios 

Laboratory 

uiuintj     ill     iniu; 

>    ui 

Machine 
Efficiency 

Efficiency 
of  Loco- 

Total 

Weight 

Total 

Test 

Mean 
Effective  I 

Pressure, 
lb.  per   1 
sq.   in.    ] 

Per  cent 
of 

[ndicated 
Horse 
Power 

Heating 

No. 

Designation 

Draw- 

of Loco- 

motive 

of  Loco- 

Surface 

Horse  ' 
Power  | 

bar 

Pllll.      1 

lb. 

motive, 
per  cent 

per  cent 

motive  to 
Maxi- 
mum 
I.H.P. 

to 

Maxi- 
mum 
I.H.P. 

CodeltemitSF 

~770~ 

771 

772 

773 

778 

779 

785 

786 

2009 

138-16-F 

324.4 

4.8 

2010 

193-20-F 

247.1 

3.6 

2012 

138-24-F 

117.9 

7.35 

1746 

14.7 

85.3 

3.84 

217.8 

3.2 

2013 

138-32-F 

122.6 

7.63 

1812 

12.4 

87.6 

3.78 

182.1 

2.7 

2014 

193-32-F 

225.9 

9.86 

2337 

20.9 

79.1 

2.88 

162.2 

2.4 

2015 

193-24-F 

219.4 

9.56 

2267 

26.0 

74.1 

2.63 

212.1 

3.1 

2016 

193-16-F 

165.6 

7.22 

1711 

28.4 

71.6 

2.74 

287.8 

4.2 

2017 

83-16-F 

71.0 

7.72 

1837 

16.6 

83.4 

3.76 

357.1 

5.3 

2018 

83-24-F 

82.1 

8.93 

2120 

13.8 

86.2 

4.21 

300.5 

4.4 

2019 

83-32-F 

82.6 

8.92 

2118 

10.8 

89.2 

4.35 

235.0 

3.5 

2020 

83-24-F 

75.5 

8.16 

1938 

12.9 

87.1 

4.27 

374.0 

5.5 

2021 

83-16-F 

82.3 

8.93 

2123 

19.2 

80.8 

3.31 

504.9 

7.4 

2022 

83-32-F 

99.3 

10.71 

2545 

12.8 

87.2 

3.94 

279.5 

4.1 

2023 

138-40-F 

118.2 

7.40 

1757 

9.9 

90.1 

3.36 

183.2 

2.7 

2024 

55-24-F 

75.4 

12.94 

3073 

17.5 

82.5 

3.97 

494.6 

7.3 

2026 

110-16-F 

99.9 

7.95 

1887 

19.4 

80.6 

3.75 

422.7 

6.2 

2027 

110-24-F 

115.5 

9.14 

2169 

15.4 

84.6 

3.91 

2028 

55-32-F 

60.6 

10.47 

2489 

11.0 

89.0 

4.10 

399.9 

5.9 

2029 

110-32-F 

147.8 

11.71 

2781 

15.3 

84.7 

3.94 

235.3 

3.4 

2030 

165-24-F 

173.8 

8.93 

2118 

19.3 

80.7 

3.62 

241.2 

3.6 

2031 

83-40-F 

84.2 

8.56 

2023 

8.8 

91.2 

4.38 

224.7 

3.3 

2032 

165-32-F 

171.8 

8.90 

2112 

15.7 

84.3 

3.61 

198.1 

2.9 

2033 

110-48-F 

134.4 

10.64 

2527 

11.8 

88.2 

4.12 

193.0 

2.8 

2034 

193-40-F 

315.0 

13.81 

3279 

24.7 

75.3 

2.67 

171.7 

2.5 

2035 

110-40-F 

176.2 

13.70 

3256 

15.7 

84.3 

3.49 

194.2 

2.9 

2037 

165-40-F 

232.4 

11.94 

2836 

18.2 

81.8 

3.29 

170.6 

2.5 

2038 

55-24-F 

60.0 

10.28 

2440 

14.0 

86.0 

4.20 

503.8 

7.4 

2039 

110-32-F 

115.8 

9.17 

2175 

12.3 

87.7 

3.97 

230.5 

3.4 

2040 

165-40-F 

117.4 

6.05 

1437 

9.4 

90.6 

3.18 

172.3 

2.5 

2041 

110-40-F 

102.7 

8.11 

1923 

9.3 

90.8 

3.61 

196.8 

2.9 

2042 

110-24-F 

78.9 

6.27 

1483 

10.5 

89.5 

4.21 

278.9 

4.1 

2043 

110-48-F 

101.1 

8.02 

1903 

8.0 

92.0 

3.20 

173.7 

2.6 

2044 

110-56-F 

77.0 

6.10 

1449 

5.8 

94.2 

3.17 

160.3 

2.4 

2045 

110-16-F 

82.5 

6.53 

1551 

15.9 

84.1 

3.90 

417.1 

6.1 

2072 

110-40-F 

126.0 

9.97 

2375 

10.2 

89.8 

3.83 

177.9 

2.6 

2073 

110-32-F 

121.0 

9.59 

2284 

11.9 

88.1 

4.13 

212.8 

3.1 

2074 

165-32-F 

157.0 

8.04 

1913 

12.4 

87.6 

3.75 

173.9 

2.6 

2075 

55-32-F 

77.2 

13.20 

3154 

13.3 

86.7 

4.33 

373.4 

5.5 

2076 

220-32-F 

207.2 

7.81 

1861 

15.2 

84.8 

3.02 

160.4 

2.4 

2077 

110-24-F 

125.5 

9.83 

2342 

15.8 

84.2 

4.14 

274.0 

4.0 

2078 

165-24-F 

177.4 

9.10 

2169 

17.5 

82.5 

3.62 

217.9 

3.2 

2079 

220-24-F 

181.4 

6.78 

1615 

16.3 

83.7 

3.23 

193.5 

2.9 

2080 

110-16-F 

387.2 

5.7 

2081 

55-24-F 

476.9 

7.0 

2082 

165-40-F 

242.7 

12.40 

2954 

16.7 

83.4 

2.73 

150.3 

2.2 

2083 

165-16-F 

146.8 

7.46 

1780 

20.1 

79.9 

3.56 

294.9 

4.3 

2084 

110-48-F 

150.3 

11.79 

2813 

11.2 

88.9 

3.13 

163.2 

2.4 

2085 

55-40-F 

79.8 

13.54 

3224 

11.5 

88.5 

4.07 

316.0 

4.7 

2086 

55-24-F 

70.0 

11.83 

2817 

15.4 

84.7 

3.80 

478.1 

7.0 

2087 

110-16-F 

122.7 

9.57 

2280 

21.9 

78.1 

3.69 

387.9 

5.7 

2088 

220-16-F 

124.8 

4.64 

1101 

16.5 

83.5 

3.98 

281.8 

4.2 

2089 

220-4 0-F 

238.3 

8.97 

2134 

15.3 

84.7 

2.46 

140.4 

2.1 

2092 

165-32-F 

149.7 

7.71 

1834 

11.8 

88.2 

3.99 

156.3 

2.3 

2093 

165-48-F 

201.9 

10.41 

2491 

12.4 

87.6 

2.82 

134.8 

2.0 

2094 

110-56-F 

167.3 

13.10 

3117 

11.0 

89.0 

3.27 

142.0 

2.1 

2095 

55-48-F 

86.9 

14.62 

3501 

10.8 

89.2 

4.44 

271.1 

4.0 

2096 

55-40-F 

90.8 

15.28 

3641 

12.7 

87.3 

304.2 

4.5 

2097 

55-32-F 

85.4 

14.20 

3385 

14.0 

86.0 

359.1 

5.3 

2098 

55-48-F 

90.0 

15.06 

3592 

11.0 

89.1 

266.3 

3.9 

2090 

110-24-F 

128.2 

10.02 

2394 

17.3 

82.8 

3.93 

294.5 

4.3 

2091 

165-32-F 

154.4 

7.89 

1884 

13.5 

86.5 

3.80 

190.5 

2.8 

112 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


Table  33. 
Analysis  of  Ash,  Front-end  Cinders,  and  Stack  Cinders. 


Analysis    of 

Ash 

Analysis  of  Front- 

Analysis  o: 

Stack 

Test 
No. 

Laboratory 
Designation 

Car- 
bon, 

Eartby 
Matter, 

Mois- 
ture, 

er 

"»          I 

Car- 
bon, 

Earthy 

Matter, 

Mois- 
ture, 

Car- 
bon, 

Earthy 

Matter, 

Mois- 
ture, 

per 

per 

per 
cent 

per 

per 

per 

per 

per 

per 

cen         v,D*x.    , 

cent 

cent    ' 

cent 

cent 

cent 

cent 

Code  ItemJS^ 

831    | 

832     | 
51.97  ' 

833 
10.92 

841 

57.47 

842 

843    1 

846 

847 

848 

2009 

138-16-F 

34.90 

35.56 

4.50 

44.35 

51.75 

0.84 

2010 

193-20-P 

30.26 

60.22   ' 

7.33 

42.75 

54.85 

0.58 

61.97 

34.90 

0.54 

2012 

138-24-P 

29.34 

63.97 

4.21 

42.52 

54.33 

0.73   | 

52.71 

43.88 

0.84 

2013 

138-32-F 

31.53 

62.82 

2.86 

37.46 

59.41 

0.66 

60.26 

37.00 

0.54 

2014 

193-32-F 

25.41 

66.84 

4.66 

38.60 

57.42 

1.50 

66.76 

28.48 

2.23 

2015 

193-24-F 

33.03 

58.52 

4.48 

18.19 

79.68 

0.62 

63.90 

32.16 

1.26 

2016 

193-16-F 

30.75 

59.56 

6.43 

39.95 

55.40 

0.74 

56.47 

40.76 

0.81 

2017 

83-16-F 

30.12 

63.55 

3.78 

29.99 

65.99 

1.34 

40.17 

50.54 

7.02 

2018 

83-24-F 

27.49 

67.01 

3.28 

44.08 

52.97 

0.88 

50.62 

44.44 

2.64 

2019 

83-32-F 

24.59 

71.63 

1.58 

45.95 

48.93 

2.71 

55.30 

40.83 

1.27 

2020 

83-24-F 

44.49 

50.94 

4.57 

37.26 

44.31 

18.43   ' 

46.34 

52.40 

1.26 

2021 

83-16-F 

35.90 

62.95 

1.15 

45.85 

53.00 

1.15   1 

51.63 

46.90 

1.47 

2022 

83-32-F 

26.24 

72.63 

1.13 

27.25 

72.05 

0.70 

64.48 

33.95 

1.57 

2023 

138-40-F 

33.00 

64.76 

2.24 

51.32 

47.83 

0.85 

71.14 

28.56 

0.30 

2024 

55-24-F 

29.04 

68.25 

2.70 

39.46 

38.60 

21.94 

43.59 

55.04 

1.37 

2026 

110-16-F 

41.33 

51.24 

7.43 

48.85 

50.37 

0.78 

56.14 

42.77 

1.09 

2027 

110-24-F 

33.08 

63.71 

3.21 

48.80 

50.38 

0.82 

56.19 

43.24 

0.57 

2028 

55-32-F 

27.48 

70.63 

1.89 

49.59 

49.88 

0.53 

53.17 

44.05 

2.78 

2029 

110-32-F 

37.00 

60.61 

2.39 

33.77 

65.56 

0.67 

60.79 

38.27 

0.94 

2030 

165-24-F 

38.29 

56.74 

4.97 

!   48.88 

51.11 

0.01 

67.31 

32.34 

0.35 

2031 

83-40-F 

29.05 

69.49 

1.46 

20.82 

78.66 

0.52 

66.13 

32.96 

0.91 

2032 

165-32-F 

41.04 

55.71 

3.25 

52.59 

46.76 

0.65 

33.80 

65.28 

0.92 

2033 

110-48-F 

31.93 

66.04 

2.03 

19.52 

79.89 

0.59 

67.86 

31.48 

0.66 

2034 

193-40-F 

36.31 

61.59 

2.10 

43.05 

56.35 

0.60 

71.39 

28.04 

0.57 

2035 

110-40-F 

37.81 

60.00 

2.19 

40.73 

58.72 

0.55 

66.60 

32.69 

0.71 

2037 

165-40-F 

40.50 

56.91 

2.59 

45.64 

53.40 

0.96 

69.72 

29.61 

0.67 

2038 

55-24-F 

42.04 

57.58 

0.38 

46.39 

52.05 

1.56 

38.95 

60.16 

0.89 

2039 

110-32-F 

29.59 

69.28 

1.13 

42.74 

55.44 

1.82 

58.50 

40.89 

0.61 

2040 

165-40-F 

38.57 

59.98 

1.45 

34.78 

64.71 

0.51 

70.55 

28.96 

0.49 

2041 

110-40-F 

34.91 

63.69 

1.40 

46.43 

52.35 

1.22 

66.22 

33.30 

0.48 

2042 

110-24-F 

36.54 

62.11 

1.35 

47.78 

51.63 

0.59 

57.25 

42.08 

0.67 

2043 

110-48-F 

32.99 

64.35 

2.66 

10.55 

89.37 

0.08 

69.26 

30.14 

0.60 

2044 

110-56-F 

29.99 

67.45 

2.56 

26.19 

73.50 

0.31 

73.92 

25.64 

0.44 

2045 

110-16-F 

33.14 

65.06 

1.80 

52.44 

47.41 

0.15 

46.58 

53.03 

0.39 

2072 

110-40-F 

26.72 

70.98 

2.30 

32.50 

67.18 

0.32 

68.08 

31.37 

0.55 

2073 

110-32-F 

35.55 

60.82 

3.63 

34.42 

65.08 

0.50 

64.61 

34.96 

0.43 

2074 

165-32-F 

29.52 

68.03 

2.45 

40.97 

58.68 

0.35 

67.18 

32.41 

0.41 

2075 

55-32-F 

30.33 

69.36 

0.31 

43.76 

56.18 

0.06 

46.69 

52.84 

0.47 

2076 

220-32-F 

33.20 

64.08 

2.72 

44.16 

55.50 

0.34 

75.82 

23.79 

0.39 

2077 

110-24-F 

51.92 

40.16 

7.92 

56.25 

43.34 

0.41 

56.19 

43.00 

0.81 

2078 

165-24-F 

28.41 

69.20 

2.39 

42.75 

56.88 

0.37 

64.45 

34.98 

0.57 

2079 

220-24-F 

38.08 

60.98 

0.94 

42.02 

57.69 

0.29 

67.47 

32.03 

0.50 

2080 

110-16-F 

30.34 

67.79 

1.87 

44.20 

53.12 

2.68 

37.30 

61.96 

0.74 

2081 

55-24-F 

32.01 

66.82 

1.17 

41.82 

57.98 

0.20 

41.10 

58.37 

0.53 

2082 

165-40-F 

32.66 

64.62 

2.72 

45.85 

53.65 

0.50 

73.05 

26.41 

0.54 

2083 

165-16-F 

34.94 

61.87 

3.19 

53.99 

45.66 

0.35 

62.11 

37.19 

0.70 

2084 

110-48-F 

31.38 

66.85 

1.97 

24.30 

53.52 

22.18 

73.52 

25.92 

0.56 

2085 

55-40-F 

33.16 

66.19 

0.65 

51.37 

48.42 

0.21 

64.35 

35.23 

0.42 

2086 

55-24-F 

29.70 

69.64 

0.66 

22.63 

54.43 

22.94 

38.94 

53.81 

7.25 

2087 

110-16-F 

29.94 

69.47 

0.59 

39.45 

60.35 

0.20 

45.33 

53.70 

0.97 

2088 

220-16-F 

28.16 

71.15 

0.69 

19.32 

74.04 

6.64 

57.39 

41.93 

0.68 

2089 

220-40-F 

25.16 

72.85 

1.99 

41.25 

58.48 

0.27 

75.83 

23.84 

0.33 

2092 

165-32-F 

34.23 

63.49 

2.28 

36.73 

62.95 

0.32 

69.76 

29.65 

0.59 

2093 

165-48-F 

44.12 

54.79 

1.09 

41.35 

58.42 

0.23 

71.65 

28.01 

0.34 

2094 

110-56-F 

37.66 

61.46 

0.88 

42.96 

55.06 

1.98 

72.55 

26.94 

0.51 

2095 

55-48-F 

31.83 

67.47 

0.70 

62.66 

37.00 

0.34 

57.88 

41.66 

0.46 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

,    34.88 

64.52 

0.60 

51.66 

48.03 

0.31 

57.23 

41.93 

0.84 

2091 

165-32-F 

1   36.60 

|  61.98 

1.42 

i   55.00 

44.32 

0.68 

67.47 

31.79 

0.74 
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Table  34. 
Heat  Balance — British  Thermal  Units. 


B.t.u. 
Ab- 
sorbed 

B.t.u.  Loss  Per  Pound 

of  Coal  as  Fired 

Duo  to 

Due  to 

Due  to 

Test 

Laboratory 

by 

Due  to 

Due  to 

Due  to 

Due  to 

Due  to 

Com- 

Com- 

Due to 

Radia- 

No. 

Designation 

Boiler 

Mois- 

Mois- 

Hydro- 

Escap- 

Incom- 

bustible 

bustible 

Com- 

tion, 

per  lb. 

ture 

ture 

gen 

ing 

plete 

in 

in 

bustible 

and 

of  Coal 

in 

in 

in 

Gases 

Com- 

Front- 

Stack 

in 

Unac- 

as 

Coal 

Air 

Coal 

bustion 

end 

Cinders 

Ash 

;ounted- 

Fired 

Cinders 

for 

CodeltemJS* 

851 

852 
143 

853 

854 

855 

856 

857 

858 

860 

869 

2009 

138-16-F 

7007 

46 

491 

1691 

0 

27 

368 

116 

1194 

2010 

193-20-F 

6376 

163 

57 

542 

3688 

0 

11 

882 

61 

-821 

2012 

138-24-F 

6618 

150 

77 

522 

3525 

30 

7 

681 

187 

-896 

2013 

138-32-F 

6435 

122 

78 

542 

3506 

47 

7 

1036 

184 

-821 

2014 

193-32-F 

5512 

126 

75 

532 

2698 

22 

7 

1272 

81 

713 

2015 

193-24-F 

5638 

144 

64 

518 

2171 

0 

4 

1243 

355 

826 

2016 

193-16-F 

6531 

153 

68 

490 

2323 

15 

8 

662 

250 

87 

2017 

83-16-F 

7812 

130 

64 

512 

2213 

106 

9 

175 

209 

-  50 

2018 

83-24-F 

7269 

141 

49 

510 

2220 

106 

24 

377 

168 

268 

2019 

83-32-F 

7239 

140 

62 

532 

2211 

124 

11 

618 

162 

93 

2020 

83-24-F 

7560 

0 

16 

362 

182 

2021 

83-16-F 

6521 

154 

22 

409 

1786 

0 

28 

370 

476 

1003 

2022 

83-32-F 

6231 

133 

34 

412 

1811 

0 

4 

1039 

267 

711 

2023 

138-40-F 

5317 

174 

19 

419 

1336 

0 

4 

1856 

264 

1297 

2024 

55-24-F 

8637 

146 

18 

419 

1942 

0 

28 

181 

210 

-345 

2026 

110-16-F 

7278 

162 

26 

409 

1928 

0 

31 

408 

415 

85 

2027 

110-24-F 

6550 

162 

29 

418 

1908 

0 

15 

661 

267 

1069 

2028 

55-3 2-F 

7113 

157 

30 

414 

1812 

0 

16 

457 

270 

808 

2029 

110-32-F 

6414 

157 

33 

410 

1512 

0 

10 

1068 

376 

968 

2030 

165-24-F 

6793 

138 

40 

429 

1566 

0 

10 

1127 

280 

993 

2031 

83-40-F 

6299 

220 

33 

388 

1360 

96 

5 

1188 

240 

91 

2032 

16 5-3 2-F 

5822 

171 

411 

1431 

0 

19 

794 

326 

2033 

110-48-F 

6289 

180 

35 

405 

1400 

0 

3 

1519 

241 

467 

2034 

193-40-F 

5045 

168 

36 

405 

1347 

0 

7 

1736 

386 

1180 

2035 

110-40-F 

5900 

186 

39 

403 

1707 

0 

4 

1191 

379 

738 

2037 

165-40-F 

5813 

185 

39 

413 

1400 

0 

9 

1599 

347 

889 

2038 

55-24-F 

7482 

154 

18 

383 

1622 

0 

29 

173 

411 

-231 

2039 

110-32-F 

6356 

152 

22 

402 

1478 

0 

13 

900 

269 

762 

2040 

165-40-F 

5180 

160 

18 

417 

1271 

38 

6 

1941 

261 

1396 

2041 

110-40-F 

5716 

185 

20 

416 

1455 

45 

5 

1477 

258 

974 

2042 

110-24-F 

6774 

175 

22 

405 

1557 

0 

5 

719 

283 

662 

2043 

110-48-F 

5231 

179 

16 

426 

1299 

154 

2 

1838 

225 

1471 

2044 

110-56-F 

5306 

177 

17 

427 

1408 

156 

4 

1961 

187 

551 

2045 

110-16-F 

7180 

170 

21 

391 

1474 

0 

3 

515 

321 

236 

2072 

110-40-F 

5793 

169 

505 

0 

1664 

157 

2073 

110-32-F 

6511 

175 

19 

516 

1638 

56 

9 

1042 

261 

824 

2074 

16 5-3 2-F 

5978 

148 

21 

529 

1568 

229 

2 

1372 

266 

1061 

ZOo 

5 5-3 2-F 

7249 

166 

28 

509 

1981 

69 

13 

427 

154 

478 

2OJ0 

2 2 0-3 2-F 

4920 

205 

18 

516 

1352 

74 

16 

2159 

283 

1059 

-Ui  i 

110-24-F 

6812 

165 

22 

507 

1765 

29 

16 

540 

221 

941 

^U/b 

165-24-F 

6152 

172 

22 

508 

1738 

0 

16 

1132 

185 

932 

^u/a 

220-24-F 

5851 

113 

22 

549 

1676 

0 

13 

1361 

502 

1573 

iiUtiU 

110-16-F 

7297 

16« 

28 

512 

1982 

142 

16 

193 

316 

527 

2081 

55-24-F 

7501 

147 

29 

511 

2121 

0 

19 

169 

359 

358 

2082 

165-40-F 

4658 

160 

20 

545 

1468 

0 

14 

2034 

324 

1902 

2083 

165-16-F 

6629 

177 

23 

504 

1672 

0 

26 

613 

448 

824 

2084 

110-48-F 

4998 

175 

26 

510 

1566 

0 

9 

1746 

304 

1354 

2085 

55-40-F 

7016 

160 

26 

510 

1725 

0 

18 

590 

369 

628 

2086 

55-24-F 

7142 

151 

26 

495 

1750 

68 

8 

269 

363 

803 

2087 

110-16-F 

7220 

147 

28 

496 

1725 

0 

14 

284 

379 

543 

2088 

220-16-F 

6773 

169 

25 

476 

1517 

0 

7 

599 

335 

586 

2089 

220-40-F 

4202 

167 

14 

528 

1207 

126 

10 

2551 

214 

1819 

2092 

16 5-3 2-F 

6152 

192 

18 

522 

1475 

22 

11 

1292 

326 

792 

2093 

165-48-F 

4736 

188 

15 

530 

1187 

62 

10 

2414 

540 

1125 

2094 

110-56-F 

5666 

190 

21 

517 

1282 

35 

20 

2069 

315 

847 

2095 

55-48-F 

7307 

158 

23 

505 

1656 

0 

24 

560 

315 

260 

2096 

55-40-F 

2097 

5 5-3 2-F 

2098 

55-48-F 

2090 

110-24-F 

7026 

152 

25 

508 

1524 

26 

29 

730 

447 

627 

2091 

165-32-F 

6443 

174 

23 

514 

1470 

0 

31 

1399 

461 

449 
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Table  35. 
Heat   Balance — Percentage. 


Per    cent 

31    Heat 

of    Coal    as   Fired 

To 

To 
Com- 
bustible ' 

To 

Test 
No. 

Laboratory 
Designation 

Absorb- 
ed by 

To 
Mois- 
ture 

To 
Mois- 
ture 

To 
Hydro- 

To 
Escap- 

To 
Incom- 
plete 

Com- 
bustible 
in 

To 
Com- 
bustible 

Radia- 
tion, 
and 

Boiler 

in 

Coal 

in 

Air 

gen  in 
Coal 

ing 
Gases 

Com- 
bustion 

Front- 
end 

Cinders 

in 

Stack 
Cinders 

in 
Ash 

Unac- 
counted 
for 

CodeItem22r 

881 

882 

883 

884     , 

885    | 
15.3 

886 

887 

888 

890 
1.1 

899 

2009 

138-16-F 

63.2 

1.3 

0.4 

4.4 

0.0 

0.2 

3.3 

10.8 

2010 

193-20-F 

58.2 

1.5 

0.5 

5.0 

33.7 

0.0 

0.1 

8.1 

0.6 

-  7.5 

2012 

138-24-F 

60.7 

1.4 

0.7 

4.8 

32.3 

0.3 

0.1 

6.3 

1.7 

-  8.2 

2013 

138-32-F 

57.8 

1.1 

0.7 

4.9 

31.5 

0.4 

0.1 

9.3 

1.7 

-  7.4 

2014 

193-32-F 

49.9 

1.1 

0.7 

4.8 

24.4 

0.2 

0.1 

11.5 

0.7 

6.5 

2015 

193-24-F 

51.4 

1.3 

0.6 

4.7 

19.8 

0.0 

0.0 

11.3 

3.2 

7.5 

2016 

193-16-F 

61.7 

1.4 

0.6 

4.6 

21.9 

0.1 

0.1 

6.3 

2.4 

0.8 

2017 

83-16-F 

69.9 

1.2 

0.6 

4.6 

19.8 

1.0 

0.1 

1.6 

1.9 

-  0.4 

2018 

83-24-F 

66.5 

1.3 

0.5 

4  7 

20.3 

1.0 

0.2 

3.4 

1.5 

2.5 

2019 

83-32-F 

64.7 

1.3 

0.6 

4.8 

19.8 

1.1 

0.1 

5.5 

1.5 

0.8 

2020 

83-24-F 

67.3 

0.0 

0.1 

3.2 

1.6 

2021 

83-16-F 

60.6 

1.4 

0.2 

3.8 

16.6 

0.0 

0.3 

3.4 

4.4 

9.3 

2022 

83-32-F 

58.6 

1.3 

0.3 

3.9 

17.0 

0.0 

0.0 

9.8 

2.5 

6.7 

2023 

138-40-F 

49.8 

1.6 

0.2 

3.9 

12.5 

0.0 

0.0 

17.4 

2.5 

12.1 

2024 

55-24-F 

76.9 

1.3 

0.2 

3.7 

17.3 

0.0 

0.3 

1.6 

1.9 

-  3.1 

2026 

110-16-F 

67.8 

1.5 

0.2 

3.8 

18.0 

0.0 

0.3 

3.8 

3.9 

0.8 

2027 

110-24-F 

59.1 

1.5 

0.3 

3.8 

17.2 

0.0 

0.1 

6.0 

2.4 

9.7 

2028 

55-32-F 

64.2 

1.4 

0.3 

3.7 

16.4 

0.0 

0.1 

4.1 

2.4 

7.3 

2029 

110-32-F 

58.6 

1.4 

0.3 

3.8 

13.8 

0.0 

0.1 

9.8 

3.4 

8.8 

2030 

165-24-F 

59.7 

1.2 

0.4 

3.8 

13.8 

0.0 

0.1 

9.9 

2.5 

8.7 

2031 

83-40-F 

63.4 

2.2 

0.3 

3.9 

13.7 

1.0 

0.1 

12.0 

2.4 

0.9 

2032 

165-32-F 

54.7 

1.6 

3.9 

0.0 

0.2 

7.5 

3.1 

2033 

110-48-F 

59.7 

1.7 

0.3 

3.8 

13.3 

0.0 

0.0 

14.0 

2.3 

4.4 

2034 

193-40-F 

48.9 

1.6 

0.4 

3.9 

13.1 

0.0 

0.1 

16.8 

3.7 

11.5 

2035 

110-40-F 

55.9 

1.8 

0.4 

3.8 

16.2 

0.0 

0.0 

11.3 

3.6 

7.0 

2037 

165-40-F 

54.4 

1.7 

0.4 

3.9 

13.1 

0.0 

0.1 

15.0 

3.2 

8.3 

2038 

55-24-F 

74.5 

1.5 

0.2 

3.8 

16.2 

0.0 

0.3 

1.7 

4.1 

-  2.3 

2039 

110-32-F 

61.4 

1.5 

0.2 

3.9 

14.3 

0.0 

0.1 

8.7 

2.6 

7.4 

2040 

165-40-F 

48.5 

1.5 

0.2 

3.9 

11.9 

0.4 

0.1 

18.2 

2.5 

13.1 

2041 

110-40-F 

54.2 

1.8 

0.2 

3.9 

13.8 

0.4 

0.0 

14.0 

2.4 

9.2 

2042 

110-24-F 

63.9 

1.7 

0.2 

3.8 

14.7 

0.0 

0.1 

6.8 

2.7 

6.3 

2043 

110-48-F 

48.3 

1.7 

0.2 

3.9 

12.0 

1.4 

0.0 

17.0 

2.1 

13.6 

2044 

110-56-F 

50.1 

1.7 

0.2 

4.0 

13.3 

1.5 

0.0 

18.5 

1.8 

5.2 

2045 

110-16-F 

69.6 

1.7 

0.2 

3.8 

14.3 

0.0 

0.0 

5.0 

3.1 

2.3 

2072 

110-40-F 

2073 

110-32-F 

58.9 

1.6 

0.2 

4.7 

14.8 

0.5 

0.1 

9.4 

2.4 

7.4 

2074 

165-32-F 

53.5 

1.3 

0.2 

4.7 

14.0 

2.1 

0.0 

12.3 

2.4 

9.5 

2075 

55-32-F 

65.5 

1.5 

0.3 

4.6 

17.9 

0.7 

0.1 

3.9 

1.4 

4.3 

2076 

220-32-F 

46.4 

1.9 

0.2 

4.9 

12.8 

0.7 

0.1 

20.4 

2.7 

10.0 

2077 

110-24-F 

61.8 

1.5 

0.2 

4.6 

16.0 

0.3 

0.1 

4.9 

2.0 

8.5 

2078 

165-24-F 

56.7 

1.6 

0.2 

4.7 

16.0 

0.0 

0.1 

10.4 

1.7 

8.6 

2079 

220-24-F 

50.2 

1.0 

0.2 

4.7 

15.0 

0.0 

0.1 

11.7 

4.3 

13.5 

2080 

110-16-F 

65.3 

1.5 

0.3 

4.6 

17.7 

1.3 

0.1 

1.7 

2.8 

4.7 

2081 

55-24-F 

66.9 

1.3 

0.3 

4.6 

18.9 

0.0 

0.2 

1.5 

3.2 

3.2 

2082 

165-40-F 

41.9 

1.4 

0.2 

4.9 

13.2 

0.0 

0.1 

18.3 

2.9 

17.1 

2083 

165-16-F 

60.7 

1.6 

0.2 

4.6 

15.3 

0.0 

0.2 

5.6 

4.1 

7.6 

2084 

110-48-F 

46.8 

1.6 

0.3 

4.8 

14.6 

0.0 

0.1 

16.3 

2.8 

12.7 

2085 

55-40-F 

63.5 

1.5 

0.2 

4.6 

15.6 

0.0 

0.2 

5.3 

3.3 

5.7 

2086 

55-24-F 

64.5 

1.4 

0.2 

4.5 

15.8 

0.6 

0.1 

2.4 

3.3 

7.2 

2087 

110-16-F 

66.6 

1.4 

0.3 

4.6 

15.9 

0.0 

0.1 

2.6 

3.5 

5.0 

2088 

220-16-F 

64.6 

1.6 

0.2 

4.5 

14.5 

0.0 

0.1 

5.7 

3.2 

5.6 

2089 

220-40-F 

38.8 

1.5 

0.1 

4.9 

11.1 

1.2 

0.1 

23.5 

2.0 

16.8 

2092 

165-32-F 

57.0 

1.8 

0.2 

4.8 

13.7 

0.2 

0.1 

12.0 

3.0 

7.3 

2093 

165-48-F 

43.8 

1.7 

0.1 

4.9 

11.0 

0.6 

0.1 

22.3 

5.0 

XS-4 

2094 

110-56-F 

50.3 

1.8 

0.2 

4.9 

12.0 

0.3 

0.2 

19.4 

3.0 

7.9 

2095 

55-48-F 

67.6 

1.5 

0.2 

4.7 

15.3 

0.0 

0.2 

5.2 

2.9 

2.4 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

63.3 

1.4 

0.2 

4.6 

13.7 

0.2 

0.3 

6.6 

4.0 

5.6 

2091 

165-32-F 

58.8 

1.6 

0.2 

4.7 

13.4 

0.0 

0.3 

12.8 

4.2 

4.1 
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Table  36. 

Information  Concerning  the  Indicator  Diagrams  Shown  in  Fig. 

56,  57,  and  58. 


Diagram 
No. 

Right  or 
Left 

Side 

Head  or 
Crank 

End 

H 

Test 
No. 

Laboratory 
Designation 

Nominal 

Speed, 

M.  P.  H. 

Speed, 
R.  P.  M. 

1 

R 

2086 

55-24-F 

10 

51.3 

2 

R 

C 

" 

" 

3 

L 

H 

" 

" 

" 

4 

L 

R 

C 

" 

" 

" 

5 

H 

2077 

110-24-F 

20 

110.7 

6 

R 

c 

" 

" 

" 

7 

L 

H 

" 

" 

" 

8 

L 
R 

C 
H 

2083 

" 

" 

9 

165-16-F 

30 

170.3 

10 

R 

C 

" 

" 

" 

11 

L 

H 

" 

" 

" 

12 

L 
R 

C 
"H 

40 

" 

13 

2088 

220-16-F 

234.2 

14 

R 

0 

" 

" 

15 

L 

H 

" 

" 

» 

16 

L 
R 

C 

" 

" 

17 

2095 

55-48-F 

10 

51.3 

18 

R 

C 

" 

" 

19 

L 

H 

" 

" 

" 

20 

L 
~R 

C 
H 

" 

" 

21 

2084 

110-48-F 

20 

110.4 

22 

R 

C 

" 

" 

23 

L 

H 

" 

" 

24 

L 

R 

C 

" 

25 

H 

2093 

165-48-F 

30 

167.4 

26 

R 

c 

" 

27 

L 

H 

" 

» 

28 

L 
R 

C 
H 

40 

" 

29 

2089 

220-40-F 

230.7 

30 

R 

C 

" 

" 

31 

L 

H 

" 

" 

" 

32 

L 

C 

" 

" 

33 

R 

H 

2028 

55-32-F 

10 

50.3 

34 

R 

C 

" 

" 

'■ 

35 

L 

H 

" 

" 

36 

L 
R 

C 
H 

" 

" 

37 

2029 

110-32-F 

20 

109.8 

38 

R 

C 

" 

" 

" 

39 

L 

H 

" 

" 

" 

40 

L 

0 

" 

" 

" 

" 

41 

R 

H 

2030 

165-24-F 

30 

169.4 

42 

R 

C 

" 

" 

" 

43 

L 

H 

" 

" 

" 

44 

L 

C 

2034 

45 

R 

H 

193-40-F 

35 

198.5 

46 

R 

C 

" 

" 

" 

47 

L 

H 

" 

" 

48 

L 

0 

" 

" 

" 
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Fig.  56.     Representative  Indicator  Diagrams  for  Series  2. 
For  Data,  See  Table  36. 
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28 
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Fig.  57.    Kepresextative  Indicator  Diagrams   for  Series  2. 
For  Data,  See  Table  36. 
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Fig.  58.     Eepresentative  Indicator  Diagrams  for  Series   1. 
For  Data,  See  Table  36. 


LABORATORY    TESTS   OF   A   CONSOLIDATION    LOCOMOTIVE  119 


APPENDIX  5. 

Methods  op  Calculation. 

Appendix  5  presents  in  detail  the  methods  of  calculation  used  in 
determining  all  results  except  for  those  items  whose  determination  is 
self-evident. 

The  Marks  and  Davis  steam  tables  for  saturated  and  superheated 
steam  have  been  used  in  all  calculations  pertaining  to  the  properties 
of  steam. 

The  events  of  the  stroke  and  the  corresponding  pressures  were  de- 
termined for  each  indicator  diagram  by  inspection  and  measurement. 
Horse  power  calculations  were  made,  in  like  manner,  for  each  indi- 
cator diagram.  The  values  tabulated  in  Appendix  4  are  averages  of 
the  determinations  made  from  the  individual  diagrams. 

Methods  of  estimating  the  ultimate  analyses  for  the  individual  coal 
samples  and  of  estimating  the  calorific  values  for  the  samples  of  ash 
and  cinders  have  been  presented  in  Appendix  4  in  the  consideration 
of  Test  Methods. 

Item  318.     Constant  for  dynamometer  horse  power. 

Item  19 
33  000 

Item  319.     Constant  for  indicated  horse  power.    Right,  head  end. 
.000001983  X  (Item  68) 2  X  Item  77 

Item  320.     Constant  for  indicated  horse  power.    Right,  crank  end. 

.000001983  X  [  (Item  68) 2—  (Item  135) 2]  X  Item  77 

Item  321.     Constant  for  indicated  horse  power.    Left,  head  end. 
.000001983  X  (Item  69) 2  X  Item  78 
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Item  322.     Constant  for  indicated  horse  power.    Left,  crank  end. 

.000001983  X  [(Item   69)2—  (Item   136) 2  X  Item   78 

Item  332.     Constant  for  piston  displacement.    Right,  head  end. 
229.17  X  Item  319 

Item  333.     Constant  for  piston  displacement.    Right,  crank  end. 
229.17  X  Item  320 

Item  334.     Constant  for  piston  displacement.    Left,  head  end. 
229.17  X  Item  321 

Item  335.     Constant  for  piston  displacement.    Left,  crank  end. 
229.17  X  Item  322 

Item  352.     Average  revolutions  per  minute. 

Item  351 
60  X  Item  345 

Item  353.     Equivalent  speed,  miles  per  hour. 

Item  352  X  Item  19 
88 

Item  354.     Equivalent  piston  speed  in  feet  per  minute. 

Item  352  X   [»^  +  Item78] 

Item  388.  Barometric  pressure  in  laboratory.  The  observed  value 
has  been  corrected  for  the  expansion  of  the  mercury 
and  brass  by  means  of  the  formula : 

#=^[1.0026  —  0.000091  tx]. 

This  method  is  in  accordance  with  that  of  the  United 
States  Weather  Bureau  as  described  in  Bulletin  No. 
472,  page  29. 

Item  407.     Quality  of  steam,  average. 

Quality  of  steam  in  the  dome  has  been  determined  by 
means  of  a  throttling  calorimeter  and  the  formula : 

m  _ffo  +  0.47X  [ta  —  t0]—q0 
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x0  =  quality  of  steam 

fs  =  observed  temperature  in  calorimeter 

t0  =  temperature  of  saturated  steam  at  pressure  in 

calorimeter 
q0  =  heat  of  liquid  due  to  boiler  pressure 
H0  =  total  heat  of  dry  steam  at  calorimeter  pressure 
r0  =  latent  heat  of  dry  steam  due  to  boiler  pressure 

Item  412.     Factor  of  correction  for  quality  of  steam. 

q  -4-  xr  —  7i 
q  -\-  r  —  1l 

q  =  heat  of  liquid  due  to  average  boiler  pressure 

h  =  heat  of  liquid  due  to  average  feed  water  tempera- 
ture 

x  =  quality  of  steam,  average 

r  =  latent  heat  of  dry  steam  due  to  average  boiler 
pressure. 

Item  419.     Total  pounds  of  dry  coal  fired. 

100  -  Item  440  i 


Item  418  X  [- 


100 


Item  420.     Total  pounds  of  combustible  by  analysis. 

,-, o  v .   r  100  —  (Item  440  +  Item  441 )  n 

Item  418  X ! - 

L  100  J 

Item  421.     Total  pounds  of  ash  by  analysis. 

n        ,10  ^  rltem  441   i 
Item  418  X  [-^gg J 

Item  424.     Total  pounds  of  front  end  and  stack  cinders. 
Item  422  +  Item  423. 

Item  435.  Pounds  of  moisture  per  pound  of  dry  air  has  been  ob- 
tained from  item  368,  item  369,  and  the  psychrometric 
chart  and  formula  described  by  W.  H.  Carrier  in  the 
November,  1911,  Journal  of  the  American  Society  of 
Mechanical  Engineers. 
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Item.  458.     Calorific  value  of  dry  coal  in  B.t.u.  per  pound. 

Item  443 


r      ltem44d 1   X  100 

L 100  — Item  440  J 


Item  459.     Calorific  value  of  combustible  in  B.t.u.  per  pound. 

T Item  443 1   yioo 

L  100—  [Item  440  +  Item  441]  J    ^ 

Item  478.  Correction  for  change  of  water  level  and  pressure  in  the 
boiler  from  start  to  close  of  test  has  been  calculated 
by  the  formula : 

Wi   [q  +  xr  —  qA—Wtjq  +  xr  —  qt] 
q  +  xr  —  7i 

Wx  =  initial  weight  of  water  in  the  boiler,  pounds 

W{  =  final  weight  of  water  in  the  boiler,  pounds 

q  =  heat  of  liquid  due  to  average  boiler  pressure 

x  =  quality  of  steam,  average 

r  =  latent  heat  of  dry  steam  due  to  average  boiler 
pressure 

#i  =  heat  of  liquid  at  start  of  test 

qt  =  heat  of  liquid  at  close  of  test 

7i  =  heat  of  liquid  due  to  average  feed  water  tempera- 
ture 

Item  480.     Total  hot  water  losses,  corrected,  pounds. 

[XT 
q  -f-  xr  —  li  J 

Item  481.  Water  delivered  to  boiler  and  presumably  evaporated, 
pounds. 

Item  476  —  Item  480  +  Item  478 

Item  626.     Dry  coal  fired  per  hour,  pounds. 

Item  419 
Item  345 
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Item  627.     Dry  coal  fired  per  hour  per  square  foot  of  grate  surface, 
pounds. 

Item  626 
Item  252 

Item  633.     Moist  steam  evaporated  per  hour,  pounds. 

Item  481 
Item  345 

Item  634.     Dry  steam  evaporated  per  hour,  pounds. 
Item  633  X  Item  412 

Item  635.     Diy  steam  evaporated  per  hour  per  square  foot  of  heating 
surface,  pounds. 

Item  634 
Item  275 

Item  636.     Dry  steam  evaporated  per  pound  of  dry  coal,  pounds. 

Item  634 
.  Item  626 

Item  637.     Dry  steam  evaporated  per  pound  of  coal  as  fired,  pounds. 

Item  418    i 


Item  634 


-[■ 


Item  345 


Item  639.     Dry  steam  to  engine  per  hour,  pounds. 

[Item  476  -f  Item  477  —  Item  479  —  Item  638] 


y    rltem  412  i 
Litem  345  J 


Item  641.     Factor  of  evaporation. 

q  -\-  xr  —  h 
970.4 
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Item  642.     Dry  steam  loss  per  hour  due  to  calorimeter,  leaks,  correc- 
tions, etc.,  pounds. 

Item  634  — Item  639 

Item  642.     Dry  coal  loss  per  hour  equivalent  to  steam  loss,  pounds. 

Item  642 
Item  636 

Item.  645.     Equivalent  evaporation  per  hour  from  and  at  212 °F., 
pounds. 

Item  633  X  Item  641. 

Item  648.     Equivalent  evaporation  per  hour  per  square  foot  of  total 
heating  surface,  pounds. 

Item  645 
Item  275 

Item  656.     Equivalent  evaporation  per  hour  per  square  foot  of  grate 
surface,  pounds. 

Item  645 
Item  252 

Item  657.     Equivalent  evaporation  per  hour  per  pound  of  coal  as 
fired,  pounds. 

Item  645-  \  Item  418  1 
L  Item  345  J 

Item  658.     Equivalent  evaporation  per  hour  per  pound  of  dry  coal, 
pounds. 

Item  645 
Item  626 

Item  659.     Equivalent  evaporation  per  hour  per  pound  of  combusti- 
ble, pounds. 


Item  645  -*-  f  Item  420  1 
L  Item  345  J 
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Item  660.     Boiler  horse  power. 

Item  645 
34.5 

Item  666.     Efficiency  of  the  boiler,  per  cent. 

Item  657  X  970.4  X  100 
Item  443. 

Item  697.     Number  of  expansions,  right,  head  end. 

Item  510  +  Item  86 
Item  495  +  Item  86 

Item  698.     Number  of  expansions,  right,  crank  end. 

Item  511  +  Item  87 
Item  496  +  Item  87 

Item  699.     Number  of  expansions,  left,  head  end. 

Item  512  -f  Item  88 
Item  497  +  Item  88 

Item  700.     Number  of  expansions,  left,  crank  end. 

Item  513  +  Item  89 
Item  498  +  Item  89 

Item  734.     Dry  coal  used  by  engine  per  indicated  horse  power  per 
hour,  pounds. 


Item  639 
Item  636 


]  + 


Item  711 


Item  735.     B.t.u.  in  dry  coal  per  indicated  horse  power  per  hour. 
Item  734  X  Item  458 

Item  736.     Dry  steam  per  indicated  horse  power  per  hour,  pounds. 

Item  639 
Item  711 
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Item  737.     B.t.u.  in  steam  above  32°F.  per  indicated  horse  power  per 
honr. 

Item  736  X  [  q  +  r] 

Item  743.     Drawbar  horse  power. 

Item  318  X  Item  352  X  Item  487 

Item  744.     Dry  coal  per  drawbar  horse  power  per  hour,  pounds. 

f  Item  639  1  -Item  743 
L  Item  636  J 

Item  745.     Dry  steam  per  drawbar  horse  power  per  hour,  pounds. 

Item  639 
Item  743 

Item  746.     B.t.u.  per  drawbar  horse  power  per  hour. 
Item  744  X  Item  458 

Item  750.     Millions  of  foot  pounds  at  drawbar  per  hour. 
Item  487  X  Item  19  X  Item  351 
Item  345  X  1  000  000 

Item  752.     Dry  coal  per  million  foot  pounds  at  drawbar,  pounds. 

f  Item  639  1  -Item  750 
L  Item  636  J 

Item  753.     Dry  steam  per  million  foot  pounds  at  drawbar,  pounds. 

Item  639 
Item  750 

Item  754.     B.t.u.  per  million  foot  pounds  at  drawbar. 
Item  752  X  Item  458 

Item  755.     Indicated  horse  power  per  square  foot  of  heating  surface. 
Item  711 1    _     r  Item  634 


r  item  ill  ~|  r  Item  b6±  i 

L  Item  275  J    X     L  Item  639  J 
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Item  756.     Indicated  horse  power  per  square  foot  of  grate  surface. 

r  Item  711   1  r  Item  634  i 

L  Item  252  J      X     L  Item  639  J 

Item  757.     Drawbar  horse  power  per  square  foot  of  heating  surface. 

r  Item  743  n     x     r  Item  634  i 
I  Item  275  J  litem  639  J 

Item  758.     Drawbar  horse  power  per  square  foot  of  grate  surface. 

r  Item  743  -|     x     r  Item  634  1 
l_  Item  252  I  Litem  639  J 

Item  764.     Tractive  force  based  on  mean  effective  pressure,  pounds. 
33  000     i     ^     r  Item  711 


33  000  x      r  Item  711 

L  Item  19  J  L  Item  352 


Item  770.     Machine  friction  of  the  locomotive  in  terms  of  horse  power. 
Item  711  — Item  743 

Item  771.     Machine  friction  of  the  locomotive  in  terms  of  mean  effec- 
tive pressure,  pounds. 

Item  770 

Item  352  X  [Item  319  +  Item  320  +  Item  321  +  Item  322] 

Item  772.     Machine  friction  of  the  locomotive  in  terms  of  drawbar 
pull,  pounds. 

r     33  000 


Item  19 


x     ["Item  770  1 
"J  L  Item  352  J 


Item  773.     Machine  friction  of  the  locomotive  in  per  cent  of  indicated 
horse  power. 

rjtem_770_-|       100 
L  Item  711  J 

Item  778.     Machine  efficiency  of  the  locomotive,  per  cent. 

r  Item  743  -|   x  100 
L  Item  711  J 
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Item  779.     Efficiency  of  the  locomotive,  per  cent. 
254  655.8 


Item  746 

Constant  254  655.8  =  \  33  00°  X  6Q  "I    X  100 
L      777.52        J 

Item  785.     Batio  of  total  weight  of  the  locomotive  to  the  maximum 
indicated  horse  power. 

Item   63 
Item  721 

Item  786.     Ratio  of  total  heating  surface  to  maximum  indicated  horse 
power. 

Item  275 
Item  721 

Item  851.     B.t.u.  absorbed  by  the  boiler  per  pound  of  coal  as  fired. 
Item  657  X  970.4 

Items  852,  853,  854,  855,  and  856  see  next  page. 

Item  857.     B.t.u.  loss  due  to  combustible  in  front-end  cinders. 

Item  422  X  Item  461 
Item  418 

Item  858.     B.t.u.  loss  due  to  combustible  in  stack  cinders. 

Item  423  X  Item  462 
Item  418 

Item  860.     B.t.u.  loss  due  to  combustible  in  ash. 

Item  428  X  Item  463 
Item  418 

Item  869.     B.t.u.  loss  due  to  radiation  and  unaccounted-for. 

Item  443—  [Item  851  +Item  852  +  Item  853+  Item  854 
+  Item  855+  Item  856  +  Item  857  +  Item  858  +  Item  860] 
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Bulletin  No.  6.  Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber.  1906.  None 
available. 
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I.     Introduction.* 

1.  Preliminary. — Probably  no  series  of  iron  alloys  has  received 
more  attention  in  recent  years  than  has  the  iron-silicon  series.  This 
is  largely  due  to  the  fact  that  some  of  these  alloys  have  proved  their 
superiority  over  pure  iron  and  other  iron  alloys  for  certain  very  im- 
portant purposes  in  the  electrical  industry.  The  iron-silicon  alloys 
have  been  thoroughly  investigated  by  chemists,  metallurgists,  and 
physicists,  so  that  their  properties  are  generally  very  well  known. 
The  reason  that  this  series  of  alloys  has  again  been  the  object  of  an 
investigation  is  the  discovery  by  the  writer  about  two  years  ago  that 
the  magnetic  properties  of  pure  iron  that  is  melted  in  vacuo  are  far 
superior  to  any  other  grade  of  iron  known  at  that  time.f  It  was 
evident  that  this  superiority  was  due  to  the  purity  of  the  iron  pro- 
duced by  the  vacuum  process,  the  iron  thus  produced  containing  only 
0.01  per  cent  carbon.  A  new  standard  of  iron  purity  being  thus  pro- 
duced, it  became  desirable  to  repeat  previous  investigations  on  the 
properties  of  iron  alloys  with  this  new  standard  as  a  basis,  and  the 
present  bulletin  deals  primarily  with  iron-silicon  alloys  containing 
from  0.001  to  8.5  per  cent  silicon.^  Besides  the  magnetic  properties 
the  bulletin  contains  data  concerning  the  electrical  and  mechanical 
properties  and  gives  chemical  analyses.  Photomicrographs  are  also 
shown  for  the  various  alloys. 

The  writer  wishes  to  express  his  appreciation  of  the  sympathy 
shown  and  assistance  rendered  by  members  of  various  departments 
in  the  University  of  Illinois.  In  particular  he  wishes  to  mention  Mr. 
W.  A.  Gatward,  Fellow  in  the  Engineering  Experiment  Station,  for 
the  conscientious  work  done  during  the  year,  largely  in  connection 
with  the  magnetic  testing,  but  also  in  many  other  ways.  The  chemical 
analysis  has  been  done  by  Mr.  J.  M.  Lindgren  and  Mr.  F.  H.  Whittum 
of  the  Chemistry  department  who  deserve  great  credit  for  the  thor- 
oughness with  which  they  have  accomplished  their  part  of  the  in- 
vestigation. 

II.     Historical  Review. 

2.  Mechanical  Properties. — The  effect  of  silicon  upon  the  me- 
chanical properties  of  iron  was  noticed  as  early  as  the  beginning  of 

*A  paper  containing  much  of  the  information  given  in  this  bulletin  was  presented 
before  the  American  Institute  of  Electrical  Engineers,  St.  Louis,  October  20,  1915.  (Trans. 
Am.  Inst,  of  Elect.  Engrs.  Vol.  34,  No.  10,  Oct.,   1915). 

fMagnetic  and  other  Properties  of  Electrolytic  Iron  Melted  in  Vacuo.  Bulletin  No. 
72,  Engineering  Experiment  Station.  Univ.  of  Illinois,  1914.  Trans.  Am.  Inst,  of  Elect. 
Engrs.    Vol.  33,  Part  I,  p.  451,   1914.    (A.  I.  E.  E.  Proceedings,  February,   1915,  p.  237). 

^Bulletin  No.  77  published  by  the  Engineering  Experiment  Station  deals  with  iron- 
boron  alloys,  melted  in  vacuo,  the  maximum  boron  content  being  0.50  per  cent. 
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the  last  century,  when  Mushet  found  that  quartz  sand  applied  to  mol- 
ten iron  made  the  iron  harder  and  more  brittle.  These  results  were 
later  confirmed  by  other  investigators,*  and  by  1880  it  was  generally 
accepted  that  silicon  increases  the  strength  of  iron  and  at  the  same 
time  it  tends  to  make  it  hard  and  brittle  if  added  in  quantities  above 
a  few  per  cent.  It  was  not  until  towards  the  end  of  the  century,  how- 
ever, that  systematic  investigations  of  the  iron-silicon  alloys  were 
made.  In  1887  Tilden,  Roberts-Austen,  and  Turner!  carried  on  ex- 
tensive investigations  on  the  mechanical  properties  of  low  silicon  al- 
loys, containing  from  0.10  to  0.50  per  cent  silicon.  These  investigators 
found  that  silicon  increases  the  hardness,  raises  the  elastic  limit  and 
ultimate  strength,  and  decreases  the  elongation.  The  investigations 
were  continued  by  Hadfield  in  1889,t  who  carried  the  silicon  content 
up  to  8.83  per  cent.  With  a  silicon  content  of  7.23  per  cent  and  8.83 
per  cent,  however,  the  ingots  could  not  be  forged,  so  that  the  highest 
silicon  alloy  tested  contained  4.90  per  cent  silicon.  The  results  ob- 
tained by  Hadfield  as  well  as  by  some  of  the  later  investigators  are 
shown  graphically  in  Figs,  la,  b,  and  2a,  b.  Pages  7,  8  and  9.  As  the 
carbon  content  in  the  alloys  used  in  the  above  investigations  was  com- 
paratively high,  varying  from  0.14  to  0.26  per  cent,  Baker,ff  in  his  re- 
search on  iron-silicon  alloys  in  1903,  reduced  the  carbon  content  to  0.04 
per  cent.  This  was  accomplished  by  first  melting  the  iron  alone,  and 
then,  after  removing  the  slag,  adding  the  ferrosilicon.  The  charge 
was  kept  molten  for  15  minutes  longer,  and  was  then  cast  into  ingots. 
This  procedure  produced  an  iron  not  only  low  in  carbon,  but  low  in 
manganese  as  well.  Guillet§  in  1904  made  an  extensive  investigation  of 
the  microstructure  of  the  iron-silicon  alloys  with  silicon  contents  up 
to  30  per  cent.  He  also  studied  the  mechanical  properties  of  the  al- 
loys, but  his  results,  although  in  general  confirming  those  obtained  by 
his  predecessors,  are  not  strictly  comparable  to  them,  on  account  of 
the  high  and  varying  manganese  and  carbon  content.  Furthermore, 
only  four  of  his  alloys  were  forgeable,  namely,  those  containing  5.12 
per  cent  silicon  or  less.  However,  Guillet  confirmed  the  results  of 
Hadfield  with  regard  to  the  effect  of  carbon  upon  the  limit  of  forge- 
ability  of  the  iron-silicon  alloys.  Thus  he  found  that,  with  a  carbon 
content  of  0.94  per  cent,  the  limit  lies  below  5  per  cent  silicon.  Bisset** 


*See:   P.  Paglianti,   Hetallurgie,  Vol.  9,  p.  217,   1912,  where  references  are  given  to 
early  investigators. 

fReport  of  British  Assoc,  for  the  Advancement  of  Science,   1888. 
JJourn.  Iron  and  Steel  Institute,  Vol.  36,   1889,  II,  p.  222. 
fljourn.  Iron  and  Steel  Institute,  Vol.  64,  1903,  II,  p.  312. 
§Rev.  de  Metallurgie,  Memoirs,  Vol.   1,  p.  46,  1904. 
**Iron  Age,  Aug.  25,  1910. 
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states  that  silicon  adds  strength  to  iron  comparable  to  the  effect  of 
carbon,  but  in  other  respects  leaves  the  iron  unchanged.  Paglianti,* 
in  1912  investigated  the  properties  of  iron  silicon  alloys,  using  as  a 
basis  electro-converted  iron  with  a  carbon  content  of  0.10  per  cent 
and  with  manganese  varying  from  0.22  to  0.60  per  cent.  The  silicon 
was  added  in  the  form  of  50  per  cent  ferrosilicon,  and  the  specimens 
were  obtained  from  ingots  weighing  80  to  100  kg.  The  results  ob- 
tained by  these  various  investigators,  as  shown  in  Fig.  la,  b  differ 
considerably  in  numerical  values,  probably  due  partly  to  the  differ- 
ence in  the  purity  of  the  iron  used  as  a  basis,  and  partly  to  the 
method  of  melting  and  the  subsequent  mechanical-and  heat-treatment. 
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*Metallurgie,  Vol.  9,  p.   217,    1912. 

Rev.  de  Metal.    Extracts,  Vol.   11,  p.  4,   Jan.,   1914. 
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Table  1. 

Magnetic  and  Electrical  Properties  of  Hadfield's  Iron-Silicon 

Alloys. 


Mark 

rui..„        Max.  In- 
8l]Lcon     duction  for 
%            H  =  45. 

Permea- 
bility for 
H  =  8 

Retentivity 

in  Terms 

of  B 

Coercive 

Force  in 

Terms  of  H 

Energy   Dissi- 
pated per  Com- 
plete Cycle, 
ergs  per  cc. 

Spec.  Elec. 

Resistance. 

microhms 

S.  C  I. 

B 
898  E 
898  H 

.07 

.14 

2.50 

5.50 

16800 
16420 
15980 

i625 
1680 
1630 

9770 
4080 
3430 

1.66 
.90 
.85 

10760 
7900 
6500 

10.2 
10.9 
42.1 
65.2 

The  results  due  to  Baker,  for  example,  show  the  tensile  test  curves 
to  lie  considerably  to  the  right  of  those  due  to  the  other  investigators. 
This  fact,  in  conjunction  with  the  appearance  of  his  photomicro- 
graphs, suggests  that  part  of  the  silicon  in  his  alloys  may  be  in  the 
form  of  silica,  caused  by  the  method  of  melting.  In  view  of  these 
differences  it  is  not  strange  that  the  results  of  the  above  investigators 
should  disagree  to  some  extent. 

3.     Magnetic  and  Electrical  Properties. — In  connection  with  his 
investigation  of  the  mechanical  properties  of  iron-silicon  alloys  in 
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1889,  Hadfield*  touched  upon  their  magnetic  and  electrical  proper- 
ties. The  results  arrived  at  were  not  favorable,  as  it  was  found  ' '  that 
the  material  (containing  4.43  per  cent  silicon  and  .18  per  cent  car- 
bon) had  less  susceptibility  and  more  retentiveness  than  good  soft 
iron,  and  that  it  had  enormously  less  retentiveness  than  hard  steel 
suitable  for  magnet  making."  However,  Hadfield  continued  his  in- 
vestigations on  the  magnetic  properties  of  iron-silicon  alloys  and  in 
1900,  assisted  by  Barrett  and  Brown,  he  was  able  to  give  a  report  that 
was  quite  different  from  the  one  above  referred  to.t  Among  the 
large  number  of  alloys  investigated,  the  report  includes  two  iron- 
silicon  alloys,  containing  2.5  and  5.5  per  cent  silicon  respectively. 
The  results  show  (see  Table  1)  that  both  alloys  have  a  higher  maxi- 
mum permeability  and  a  decidedly  lower  hysteresis  loss  than  pure 
iron,  and  that  the  electrical  resistance  increases  at  the  rate  of  10  to 
12  microhms  per  c.  c.  for  each  per  cent  of  silicon  added. t  This  re- 
markable discovery  caused  an  almost  immediate  adoption  of  the  sili- 
con-steel for  use  in  electrical  machinery,  particularly  in  transformers. 
It  also  gave  a  new  impetus  to  the  investigation  of  iron  and  steel  al- 
loys for  electrical  purposes,  and  a  large  number  of  investigators  have 
been  searching  for  new  treasures  in  this  field.  Except  for  permanent 
magnets,  however,  silicon  still  holds  the  first  place  as  the  alloying 
element,  giving  best  results  for  electromagnetic  machinery.]!  Among 
those  who  have  investigated  the  magnetic  and  electrical  properties  of 
iron-silicon  since  Hadfield 's  discovery,  only  a  few  will  be  mentioned 
in  the  following  review. 

Gumlich  and  Schmidt§  investigated  a  large  number  of  commer- 
cial steels  and  among  these  certain  iron-silicon  alloys,  in  general  con- 
firming the  results  of  Hadfield.  Baker,**  as  already  mentioned,  used 
a  very  pure  grade  of  iron,  the  carbon  content  being  only  0.04  per 
cent.  His  results  are  summarized  in  Table  2.  From  this  table  it  is 
seen  that  the  permeability  increases  and  the  coercive  force  and  hys- 


*Journ.  Iron  &  Steel  Inst.,  Vol.  36,  1889,  II,  p.  237. 

fBarrett,  Brown  &  Hadfield;  Scient.  Trans.  Royal  Dublin  Soc.  VII  Ser.  2,  PaPrt  4, 
Jan.,   1900. 

Barrett,   Brown  &  Hadfield:    Jour.  Inst,  of  Elect.   Engrs.  Vol.   31,   p.   674,    1901-02. 

Reviewed  by  E.  Gumlich:     Stahl  u  Eisen  1902,  No.  6,  p.  230. 

JThe  electrical  conductivity  of  iron  alloys  is  described  in  detail  by  Barrett:  Proc. 
Royal  Soc.  Vol.  69,  p.  480,   1902. 

flThe  iron-cobalt  alloy  Fe2Co,  first  investigated  by  Weiss,  has  recently  been  investi- 
gated by  the  writer,  and  may  prove  to  be  a  valuable  material  on  account  of  its  high 
permeability  in  medium  and  high  fields.  See  Gen.  Elect.  Review.  Vol.  18,  p.  881, 
Sept.,   1915. 

§Elektrotech.     Zeitsch.     Vol.  22,  p.  691    1901. 

**Journ.  Iron  and  Steel  Inst.  Vol.  64,  1903,  II,  p.  312. 
Journ.  Inst,  of  Elect.  Engrs.  Vol.  34,  p.  498,   1904-05. 
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Table  2. 
Magnetic  Properties  of  Iron-Silicon  Alloys,    (From  Baker), 


Silicon 

Max.  Induc- 

Permeability 

Retentivity 

Coercive 

Energy  Dissipated  per 

% 

tion  H  =  20 

for  H  =  4 

Force 

Complete  Cycle 

0.02 

16000 

2325 

8375 

1.8 

10550  ergs  per  cc 

1.02 

16200 

2562 

8000 

1.7 

8798      "       '*     " 

2.90 

15500 

2750 

7325 

1.5 

8081      "       "     " 

4.89 

14750 

2665 

7200 

1.2 

6110      

7.47 

14000 

2937 

9000 

1.0 

5613      "       "     " 

teresis  loss  decrease  with  increasing  silicon  content  up  to  the  limit  of 
forgeability. 

Dillner  and  Engstrom,*  in  contradiction  to  other  investigators, 
found  silicon  to  reduce  the  permeability  and  increase  the  hysteresis 
loss  of  sheet  iron.  By  using  silicon  and  aluminum  together  in  certain 
proportions  the  best  results  were  obtained. 

Guertlerf  investigated  the  electrical  conductivity  of  numerous  al- 
loys of  iron  with  all  the  more  common  elements.  From  the  curves 
given  the  resistance  of  the  3.4  per  cent  iron-silicon  alloy  is  shown  to 
be  50  microhms  per  cu.  cm.  confirming  the  results  obtained  by  Barrett. 

Burgess  and  Aston  $  have  investigated  a  large  number  of  iron  al- 
loys, using  doubly  refined  electrolytic  iron  as  a  basis.  This  iron,  con- 
taining only  0.03  per  cent  impurities,  was  melted  in  an  electric  re- 
sistance furnace  together  with  the  alloying  element.  This  method  of 
melting,  however,  proved  to  involve  some  danger,  inasmuch  as  the  iron 
would  decompose  the  carbon  monoxide  gases  in  the  furnace  and  com- 
bine with  small  quantities  of  carbon  and  oxygen.^}  Burgess  and  Aston 
found  that  silicon  improves  the  iron  magnetically,  the  4.65  per  cent 
alloy  having  a  decidedly  lower  hysteresis  loss  than  their  pure  iron 
standard. 

Gumlich  and  Goerens§  in  1912  carried  out  researches  on  iron- 
silicon  alloys  using  samples  made  for  them  for  the  purpose  by  the 
firm  of  Krupp  at  Essen.  The  results  are  summarized  in  Table  3. 
It  is  seen  from  this  table  that  for  rods  the  coercive  force  and  prob- 
ably also  the  hysteresis  loss  is  a  minimum  in  the  region  of  4  per  cent 
silicon,  as  shown  by  previous  investigators,  while  for  sheets  the  mini- 
mum occurs  at  0.50  per  cent  silicon.     This  difference  between  sheets 


*Journ.  Iron  and  Steel  Inst.  Vol.  67,   1905,  I,  p.  474. 
tZeitschr.  Anorg.   Chemie.     Vol.   51,  p.   397,    1906. 
JMet.  and  Chem.  Eng'n.     March,  1910. 

flThis  was  shown  by  the  writer  to  be  the   case  in  his  own  preliminary   experiments, 
described  in  Bulletin  No.  72  of  the  Eng.  Exp.  Sta.  Univ.  of  111.     1914. 
§Trans.    Faraday  Soc.  Vol.  8,  p.  98,  1912. 
Ferrum   10    (12)  p.   33,    1912;     Chem.   Zentr.  Bl.     [5]    17    (13)   p.   380. 
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Table  3. 

Magnetic  Properties  of  Iron  Silicon  Alloys  (From  Gumlich 
and  goerens.)     samples  annealed  at  800°  c. 


Silicon 

Coercive  Force 

Maximum  Permeability 

Saturation  Value,  4  ^.Is 

% 

Sheets 

Rods 

Sheets                  Rods 

.06 

.15 

.30 

.40 

.60 

.90 

1.00 

1.65 

1.95 

2.35 

3.70 

4.00 

4.50 

5.25 

8.60 

1.80 
.70 
.65 
.54 
.80 
.75 
.80 
.70 
.75 
.85 
.85 

1.05 

1.25 
1.10 
1.15 
1.20 
1.30 
1.50 
1.30 
1.20 
1.25 
1.00 
.65 

.65 
.75 
.95 

3000 

liesoo 

8500 

7700 

9400 
5500 

! !!! 

3000 

2800 
2400 

3500 

2900 
2700 
4900 
4100 
4400 
4300 
3000 

21200 
21300 
21200 
21150 
21050 
20950 
20900 
20600 
20400 
20300 
19750 

19100 
18300 

16100 

These  values  are  only  approximate  as  they  are  obtained  from  curves. 
The  flux  densities  are  not  given. 

and  rods  could  not  be  accounted  for  at  the  time  of  the  report,  but 
was  being  investigated.  For  sheets  the  maximum  permeability  curve 
has  two  maxima,  one,  of  11600,  occuring  at  0.40  per  cent  silicon,  and 
the  other,  of  9400,  at  4  per  cent  silicon.  For  rods,  only  one  maximum 
occurs,  namely  4900,  at  3.7  per  cent  silicon.  In  view  of  the  saturation 
values,  and  of  the  photomicrographs  and  chemical  analysis,  the  authors 
are  of  the  opinion,  previously  suggested  by  Hadfield  and  Hopkinson,* 
that  silicon  has  not  directly  any  improving  influence  on  the  iron,  but 
that  the  improvement  is  due  to  the  neutralizing  effect  of  silicon  upon 
the  carbon  contained  in  the  iron.  Thus,  silicon  appears  to  convert  all 
the  carbon  from  the  dissolved  form  into  either  cementite  or  graphite ; 
and  even  to  prevent  the  formation  of  hardening  carbon  by  quenching. 
The  correctness  of  this  opinion  is  apparently  borne  out  by  the  values 
for  the  coercive  force  before  and  after  annealing  for  a  number  of  sili- 
con alloys  containing  relatively  large  amounts  of  carbon. 

The  conclusions  arrived  at  by  Gumlich  and  Goerens  have  received 
further  confirmation  by  the  results  obtained  by  Paglianti.f  In  Table 
4  the  magnetic  properties  of  a  few  of  his  alloys  have  been  given.  The 
carbon  content  is  approximately  0.10  per  cent.  It  is  seen  from  this 
table  that  quenching  increases  the  coercive  force  4  to  7  times  for  low 
silicon  iron,  and  only  twice  for  high  silicon  iron.  Similarly  the 
hysteresis  loss  is  increased  2y2  to  4y2  times  for  low,  and  only  1*4 


1914. 


*Journ.  Inst.   Elect.  Engrs.  Vol.  46,  p.   235,   1911. 
fMetallurgie,   Vol.   9,   p    217,    1912;     Rev.  de   Metall. 


Extracts,    Vol.    11,   p.    4,    Jan., 
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Table  4. 

Magnetic  and  Electrical  Properties  of  Iron-Silicon  Alloys 
(From  Paglianti) 


Coercive 

Hysteresis 

Maximum 

Force 

Retentivity 

Loss 

Spec.  Elect. 
Resistance 

Alloy 

Silicon 

Heat  treat- 

Permea- 

for Bmax 

for  Bmax  = 

for  Bmax  = 

No. 

% 

ment 

bility 

=  16000 

16000. 

16000.  ergs 

fXm" 

gilberts 

gausses 

per  cc. 

per  cm. 

per  cycle 

1 

.24 

A 

980 

4.75 

10075 

17865 

16.98 

3 

.67 

985 

4.25 

9100 

15700 

22.20 

7 

2.35 

As 

1200 

3.10 

7375 

13890 

42.50 

10 

5.26 

forged 

1900 

1.75 

7900 

9650 

66.00 

1 

.24 

B 

1475 

2.37 

7200 

10700 

15.62 

3 

.67 

Annealed 

1600 

2.42 

7650 

11550 

21.00 

7 

2.35 

at  1100° 

3200 

.78 

4625 

3900 

39.10 

10 

5.26 

C,    cooled 
in  36  honrs 

2760 

.85 

4000 

4900 

64.50 

1 

.24 

K 

500 

8.37 

7975 

28600 

16.66 

3 

.67 

Annealed 

320 

15.87 

8975 

46100 

22.20 

7 

2.35 

at  1100° 

1400 

1.50 

3500 

7350 

41.50 

10 

5.26 

Slowly 

cooled 

to  900°. 

Quenched 

in  water 

from  900° 

925 

1.75 

2400 

6500 

66.00 

times  for  high  silicon  iron.  Again,  the  retentivity  is  increased  for 
low  silicon  but  considerably  decreased  for  high  silicon.  All  these  re- 
sults apparently  point  in  the  direction  suggested  by  Gumlich.  Taking 
into  account  both  the  hysteresis  loss  and  eddycurrent  loss  as  well  as 
the  mechanical  properties  of  the  alloys,  Paglianti  concludes  that  the 
2  per  cent  alloy  has  the  most  favorable  characteristics  for  electro- 
magnetic machinery.  This  conclusion  is  based  on  the  assumption  that 
the  eddycurrent  loss  varies  inversely  as  the  resistance  of  the  material, 
an  assumption  which  according  to  recent  investigations  by  Ball  and 
Ruder*  is  not  strictly  correct.  No  law  could  be  found  by  them  for 
expressing  the  dependence  of  eddycurrent  loss  on  resistivity,  except 
that  the  loss  in  general  decreases  with  increasing  resistance,  but  at  a 
slower  rate.  However,  this  discovery  would  not  change  Paglianti 's 
conclusion,  as  it  would  favor  the  low  rather  than  the  high  silicon  con- 
tent, and  a  silicon  content  much  below  2  per  cent  would  be  out  of  the 
question  in  any  case. 

4.  Metallography. — The  effect  of  silicon  upon  some  of  the  physical 
properties  of  iron  having  been  dealt  with  in  the  two  previous  sections, 
it  remains  to  inquire  into  the  manner  in  which  silicon  has  been  found 
to  influence  the  structure  of  the  iron,  and  the  relation  between  the 


*Gen.  Elect.  Review,  Vol.  17,  p.  487,  May,   1914. 
Electrician  Vol.  74.  p.  55,  1914. 
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structural  and  physical  properties,  although  this  has  already  been 
touched  upon. 

The  metallography  of  the  iron-silicon  series  was  investigated  by 
Osmond*  in  1890,  followed  by  Arnold!  and  Baker.J:  By  their  ex- 
periments the  polymorphic  transformation  points,  Ar2  and  Ar3  were 
established  with  some  degree  of  certainty  for  alloys  containing  up  to 
about  8  per  cent  silicon.  Later,  Guertler  and  Tammann^  investigated 
the  complete  series,  but  only  that  part  which  deals  with  crystallization 
from  the  liquid  to  the  solid  state  is  as  yet  available,  (Fig.  3.) 

However,  from  the  data  thus  obtained  Gontermann§  has  worked 
out  an  equilibrium  diagram  for  the  iron-silicon  alloys  up  to  the  first 
eutectic  point,  21.4  per  cent  silicon.  The  diagram  is  shown  in  Fig.  4, 
where  the  curves  that  have  not  been  established  by  experiments  are 
shown  broken.  According  to  this  diagram,  silicon  in  quantities  of 
about  15  per  cent  or  less  remains  dissolved  in  the  iron  throughout  all 
the  allotropic  modifications  of  the  latter.  If  the  solution  contains 
more  than  15  per  cent  silicon,  two  different  crystals  are  formed  upon 
cooling,  namely  the  mixed  saturated  crystal  of  iron  and  silicon,  con- 
taining about  15  per  cent  silicon,  and  a  crystal  of  the  composition 
FeSi.** 

The  results  of  the  above  investigations  are  confirmed  by  the  photo- 
micrographs published  by  Baker,|  Guillet,tt  Guertler  and  Tam- 
mann,U  Gumlich  and  Goerens,i|  and  Paglianti.fiU  These  shows  that 
with  a  silicon  content  of  15  per  cent  or  less  there  is  only  one  kind  of 
crystal  present  in  the  alloys,  with  the  exception — in  the  low  silicon 
alloys — of  the  cementite  crystals  caused  by  the  carbon  present  in  the 
iron  to  a  more  or  less  extent.  With  a  higher  silicon  content,  above 
3  or  4  per  cent,  carbon  is  no  longer  precipitated  as  cementite,  but  as 
graphite,  and  appears  in  the  forms  of  black  spots  on  the  surface  of 
the  polished  specimens. 


*Journ.  Iron  &   Steel  Inst.     Vol.  37,   1890,   I,  p.   62. 

f  Journ.  Iron  &   Steel  Inst.     Vol.  45,    1894,   I,   p.   107. 

iJourn.  Iron  &   Steel  Inst.     Vol.  64,   1903,   II,  p.   312. 

liZeitschr.   Anorg.   Chem.  Vol.   47,  p.   163,    1905. 

§Zeitschr.   Anorg.   Chem.  Vol.   59,   p.   384,   1908. 
Journ.  Iron  &   Steel  Inst.  Vol.   83,   1911,    I,    p.   431. 

**According  to  Guertler  and  Tammann  the  20  per  cent  alloy  forms  the  compound 
FeiSi,  and  this  in  turn  forms  a  eutectic  with  FeSi  when  the  alloy  contains  21.4  per  cent 
silicon. 

tfRev.  de  Metallurgie,  Memoirs,  Vol.   1,  p.  46,    1904. 

JJTrans.   Faraday  Soc.  Vol.   8,  p.  98,    1912. 

rr Metallurgie,    Vol.    9,    p.    217,    1912. 
Rev.   de  Metallurgie,  Extracts,  Vol.   11,   p.  4,    1914. 
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5         10       15      ?0    £5    JO    JS  40  45   50       60      70    60    90  /OO 
Silicon  Content  -percent 
3.    Phase  Diagram  op  Iron-Silicon  According  to  Guertler 
and  Tammann. 


With  regard  to  the  exact  manner  in  which  the  precipitation  of 
carbon  takes  place  in  the  presence  of  silicon,  the  writer  has  found 
no  definite  explanation.  Wlist  and  Petersen*  and  Gontermann  have 
made  a  thorough  study  of  the  ternary  system,  iron-silicon-carbon. 
The  latter  suggests  that  graphite  is  partly  formed  by  a  separation  out 
of  supersaturated  silico-austenite  and  partly  by  the  dissociation  of 
silico-cementite. 

5.  Summary  of  Historical  Revieiv. — The  information  gathered 
from  this  review  as  to  the  action  of  silicon  upon  iron  may  be  sum- 
marized as  follows: 

(a)  Silicon  is  soluble  in  quantities  up  to  about  15  per  cent  in  all 
the  allotropic  modifications  of  iron.  In  the  presence  of  silicon,  carbon 
is  readily  precipitated,  and  if  sufficient  silicon  is  present, — above  4 
per  cent, — carbon  may  be  completely  precipitated  as  graphite,  even 
though  the  solution  should  be  rapidly  cooled  from  the  molten  state. 

(b)  It  has  been  shown  that  carbon  in  the  form  of  graphite  has  a 
much  less  damaging  effect  upon  the  magnetic  properties  of  iron  than 
it  has  in  the  dissolved  form  or  in  the  form  of  cementite.    As  silicon 

♦Metallurgie,  Vol.  3,  p.  811,  1906. 
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Equilibrium  Diagram  for  Iron-Silicon  Alloys  According 
to  Gontermann. 


precipitates  carbon  as  graphite,  it  is  readily  seen  why  silicon  indirectly 
should  have  a  beneficial  effect  upon  the  magnetic  properties  of  iron, 
since  even  the  purest  iron  contains  small  amounts  of  carbon.  The 
most  favorable  silicon  content  varies,  according  to  the  various  in- 
vestigators, from  2  to  4  per  cent. 

(c).  Silicon  increases  the  electrical  resistance  of  iron  by  10  to  12 
microhms  per  cu.  cm.  for  each  per  cent  added.  As  the  eddycurrent 
loss  decreases  with  an  increase  in  resistance,  it  follows  that  the  silicon 
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content  should  be  made  as  high  as  possible  without  loss  of  the  most 
favorable  magnetic  properties. 

(d).  Silicon  in  quantities  up  to  4  per  cent  increases  the  strength 
of  iron  in  proportion  to  the  amount  added.  If  more  than  4  per  cent 
is  added  the  strength  decreases  rapidly  probably  due  to  the  formation 
of  graphite,  and  the  yield  point  coincides  with  the  breaking  point. 
The  ductility  is  but  little  affected  by  the  silicon  below  2.5  per  cent; 
above  this  amount  the  alloys  are  brittle,  and  with  4  per  cent  or  more 
the  elongation  and  reduction  of  area  are  nil.  With  7  per  cent  or 
more  silicon,  the  alloys  are  not  forgeable.  Unlike  carbon,  silicon  does 
not  confer  upon  iron  the  property  of  becoming  hardened  when  water- 
quenched. 

III.     Material,  Apparatus  and  Methods 

Although  details  with  regard  to  the  methods  of  testing  were  given 
in  Bulletin  No.  72,  so  many  changes  have  been  made  since  its  appear- 
ance, that  it  seems  desirable  to  describe  these  changes  as  wTell  as  to 
review  briefly  the  apparatus  and  methods  as  a  whole.  Where  details 
are  lacking  the  reader  is  referred  to  Bulletin  No.  72. 

6.  Iron — The  iron  used  as  the  basis  of  the  investigation  consisted 
of  doubly  refined  electrolytic  iron,  containing  0.006  to  0.01  per  cent 
carbon  and  0.01  per  cent  silicon.  Before  being  used,  the  iron  was 
thoroughly  cleaned  with  HC1,  distilled  water  and  alcohol  and  then 
dried  by  means  of  ether  in  vacuo. 

7.  Silicon. — The  analysis  of  the  silicon  used  as  the  alloying  ele- 
ment gave  the  following  result : 

Si 92.23  % 

Fe 8.50    " 

C 016  " 


100.746  % 

8.  Melting. — About  600  grams  of  iron  and  silicon  in  the  desired 
proportion  were  placed  in  a  crucible,  made  from  fused  magnesia,  and 
covered  by  means  of  a  magnesia  cover.  The  melting  was  done  in  an 
Arsem  type  vacuum  furnace,  Fig.  5,  under  a  finishing  pressure  of 
0.5  mm.  of  mercury,  measured  by  means  of  a  McLeod  gage.  To  ob- 
tain this  vacuum  it  wras  necessary,  after  the  preliminary  low  heating, 
to  bring  the  temperature  of  the  carbon  heating  element  up  to  as  high 
a  temperature  as  possible  before  the  iron  should  have  time  to  melt 
and  begin  to  vaporize.  This  was  accomplished  by  an  input  of  about 
14  KW.    By  this  method  large  amounts  of  occluded  gases  were  driven 


18 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


out  of  the  carbon,  that  otherwise  would  have  prevented  a  good  vacuum 
from  being  reached  within  a  reasonable  time.  In  about  15  minutes 
the  iron  would  begin  to  vaporize  from  the  hottest  parts  of  the  crucible, 


Fig.  5.     Furxace  Koom,  Showing  Vacuum  Furnaces. 


and,  if  the  input  was  maintained,  iron  vapor  arcs  were  formed  that 
would  practically  cause  a  short-circuit  of  the  furnace.  The  input 
was,  therefore,  decreased  from  14  to  12  KW  and  maintained  there 
for  about  1  hour.  At  the  beginning  of  this  period  the  iron  would  be 
molten  and  the  pressure  would  be  about  2.0  mm,  while  at  the  end  of 
the  period  the  pressure  would  have  decreased  to  1.0  mm.  To  further 
reduce  the  pressure  the  input  was  decreased  to  11  KW,  this  being 
just  sufficient  to  keep  pure  iron  molten.  The  carbon,  having  been 
allowed  to  cool  off,  would  absorb  some  of  the  gases  in  the  furnace  and 
at  the  end  of  another  one-hour  period  a  pressure  of  0.5  mm.  was 
obtained.  With  the  high  silicon  alloys  the  input  could  be  reduced 
still  further  before  the  iron  started  to  freeze,  and  consequently  lower 
pressures — as  low  as  0.3  mm — could  be  obtained.  The  ingot  was  then 
allowed  to  cool  in  the  furnace  so  as  to  prevent  oxydation.  When  re- 
moved from  the  furnace  the  tops  of  the  ingots  would  be  perfectly 
bright,  occasionally  having  the  appearance  shown  in  Fig.  6,  due  to  a 
thin  film  of  slag,  probabaly  SiO,. 

9.     Forging. — The  forging  was  done  by  heating  the  ingots  in  an 
ordinary  coke  forge  to  a  cherry  red,  and  drawing  them  out  into  rods 
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Fig.  6.     Top  Surface  of  a  Pure  Iron  Ingot 
as  Eemoved  from  Furnace. 

about  i/o"  (1.25  cm)  x  20"  (50  em)  under  a  steam  or  other  power 
driven  hammer.  No  difficulty  was  experienced  in  the  forging  of  the 
alloys  with  exception  of  those  containing  2.55,  and  8.55  per  cent  sili- 
con, both  of  which  fell  to  pieces  by  the  first  blows  of  the  hammer. 
That  the  latter  should  not  forge  was  not  surprising,  but  that  an  alloy 
containing  2.55  per  cent  silicon  was  non-forgeable  was  quite  new.  On 
that  account  a  second  ingot  was  made,  that  analyzed  2.57  per  cent 
silicon.  It,  too,  broke  down  into  a  mass  of  large  crystals  just  like 
the  previous  ingot.  The  pieces  from  the  2.57  per  cent  alloy  are  shown 
in  Fig.  30a;,  showing  crystals  varying  in  size  from  y8"  (3.2  mm)  to 
1/4"  (6.4  mm)  across.  The  8.55  per  cent  alloy  is  shown  in  Fig.  39, 
exhibiting  crystals  considerably  smaller  than  the  2.57  per  cent  alloy. 
The  rest  of  the  alloys  forged  very  well,  but  as  the  silicon  content  in- 
creased above  3  per  cent  the  alloys  became  increasingly  harder,  and  the 
6.57  per  cent  ingot  had  to  be  heated  repeatedly  to  a  high  temperature 
before  it  could  be  drawn  out. 

10.  Testpieces. — From  the  forged  rods  the  following  testpieces 
were  prepared : 

(a).  One  testpiece  for  the  magnetic  and  electrical  tests,  0.392" 
(0.996  cm)  in  diameter  and  11"  (35.5  cm)  long. 

(b).  Two  testpieces  for  the  mechanical  tests,  having  a  middle  sec- 
tion 0.3"  (0.76  em)  in  diameter  and  1.5"  (3.8  cm)  long,  with  threaded 
ends  0.5"  x  0.5"  (1.25  cm).     (See  Fig.  13.) 

(e).  One  small  sample  for  the  metallographic  investigation. 

The  shavings  obtained  by  the  process  of  preparing  these  testpieces 
were  collected,  after  first  removing  the  exposed  parts  of  the  rods,  and 
used  for  chemical  analysis. 
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All  the  rods  machined  without  any  particular  difficulty,  with  the 
exception  of  the  6.57  per  cent  rod.  This  rod  broke  repeatedly  in  the 
Lathe  in  spite  of  the  care  exercised  by  the  machinist.  The  vibration 
was  evidently  sufficient  to  break  it.  No  magnetic  testpicce  was  there- 
fore obtained  from  this  rod.  and  mechanical  testpieces  were  secured 
only  by  omitting  the  threads  at  the  ends.  These  testpieces,  therefore, 
had  to  be  tested  between  flat  grips,  instead  of  screw  sockets. 

11.  Magnetic  Testing. — The  magnetic  testing  was  done  by  means 
of  the  Burrows  compensated  double  bar  and  yoke  method,*  now  gen- 
erally adopted  wherever  accurate  testing  is  desired.  The  apparatus 
used  in  the  previous  parts  of  the  investigation  wras  superseded  by 
one  requiring  a  14"  (35.5  cm)  rod.  instead  of  a  12"  (30.5  cm)  rod  as 
previously  used,  and  the  distance  between  the  rods  was  shortened. 
These  changes  were  made  in  order  to  decrease  the  errors  due  to  the 
ends  of  the  various  coils.  With  the  new  apparatus,  shown  in  Fig.  7, 
and  Fig.  8,  the  error  in  H,  as  measured  by  the  magnetizing  current  in 
the  main  coil,  and  with  the  same  current  in  all  three  coils,  has  been  cal- 
culated according  to  the  method  described  in  Bull.  No.  72,  and  found 
to  be  -0.02  per  cent.    With  the  highest  permeability  rods,  however,  it 


Fig.  8.     Magnetic  Testing  Apparatus. 


*Bull.   Bureau  of   Standards.     Vol.   6.     No.    1.     Reprint   No.   117. 
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was  found  that  the  current  in  the  compensating  coils  in  exceptional 
cases  had  to  be  30  times  the  current  in  the  main  and  auxiliary  coils. 
Consequently,  the  maximum  error  in  H  is  found  to  be  2.30  per  cent, 
that  is,  H  as  measured  should  be  increased  by  2.30  per  cent.  Cor- 
rections have  been  made  in  the  results  according  to  these  theoretical 
calculations,  but  as  will  be  shown  in  section  III,  it  is  probable  that 
the  errors  are  larger  than  these  would  lead  to. 

A  Grassot  fluxmeter  was  used  for  the  measurement  of  B.  In  this 
instrument  the  deflection  is  independent  of  the  duration  of  the  mag- 
netic change,  a  feature  which  is  essential  in  testing  iron  of  high  per- 
meability and  low  resistance.  "With  the  high  resistance  silicon  alloys 
a  long  period  ballistic  galvanometer  would  probably  serve  the  purpose. 

The  apparatus  was  calibrated  from  time  to  time  by  means  of  an 
aircoil,  and  also  by  means  of  rods  submitted  to  the  Bureau  of  Stand- 
ards for  standardization.  The  results  obtained  by  the  writer  check 
very  well  with  those  obtained  by  the  Bureau  and  also  with  results 
obtained  by  the  calibration  laboratories  of  two  of  the  large  manu- 
facturing companies.  As  will  be  shown  in  section  III,  care  has  to 
be  exercised  in  clamping  the  rods  between  the  yokes,  as  a  very  slight 
strain  due  to  bending  has  a  considerable  influence  upon  the  perme- 
ability of  the  high  permeability  rods. 

12.  Heat-treatments. — The  rods  were  tested  magnetically  and  elec- 
trically and  photomicrographs  were  obtained  after  the  following  treat- 
ments : 

(a).  As  forged 

(b).  Annealed  at  900°  C.  Cooled  at  a  rate  of  30°  per  hour 
(c).  Annealed  at  1100°  C.  Cooled  at  a  rate  of  30°  per  hour 
The  annealing  was  done  in  vacuo,  by  means  of  the  furnace  shown 
in  Fig.  5  and  Fig.  9.  This  is  a  special  type  Hoskins  resistor  furnace, 
fitted  with  two  eleetroquartz  tubes,  one  inside  the  other.  The  test- 
pieces  were  placed  in  the  center  of  the  inner  tube  around  the  pyro- 
meter protecting  tube  in  such  a  way  that  the  end  of  the  pyrometer 
was  located  at  the  center  of  the  rods.  The  containing  tube  was  then 
filled  with  magnesia  and  the  ends  closed  by  means  of  rubber  stoppers 
and  sealed  with  mercury.  A  vacuum  of  0.2  mm  to  0.1  mm  was  main- 
tained during  the  entire  heat  treatment.  Accidents  happened  occa- 
sionally through  the  breaking  of  the  tube  or  leak  in  the  ends,  destroy- 
ing the  rods  in  one  case,  but  ordinarily  the  rods  after  removal  from 
the  furnace  needed  very  little  cleaning.  A  trial  experiment  was  made 
using  nitrogen  by  first  evacuating  the  furnace,  and  then  filling  it  with 
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nitrogen  obtained  by  drawing  air  through  four  gas  wash  bottles  filled 
with  pyrogallie  acid  and  one  bottle  filled  with  concentrated  sulphuric 
acid.  This  experiment  gave  rods  practically  free  from  scale  and  may 
prove  a  convenient  method  for  annealing,  but  the  rods  used  in  this 
trial  were  discarded  as  far  as  this  report  is  concerned.  Practically 
uniform  cooling  of  the  rods  was  obtained  by  means  of  a  regulator  that 
automatically  inserted  resistance  in  the  circuit  every  half  hour. 


Fig.  9.     Vacuum  Annealing  Furnace. 


13.  Photomicrographs. — These  were  obtained  by  polishing  in  the 
usual  way  using  jewelers'  rouge  for  the  final  polishing.  Great  care 
had  to  be  used  with  the  higher  silicon  alloys.  Numerous  small  spots 
would  appear  on  the  surface  of  some  of  the  specimens,  too  numerous 
to  be  caused  by  graphite,  as  the  carbon  content  amounted  to  only  0.01 
to  0.02  per  cent.  Fig.  10  shows  a  peculiar  formation  on  one  of  these 
specimens  before  etching.  By  careful  polishing  the  spots  were  in 
most  cases  removed,  as  seen  by  the  photomicrographs  shown  in  section 
IV. 

The  etching  was  generally  done  by  means  of  saturated  picric  acid 
in  alcohol.  In  a  few  cases,  however,  a  10%  solution  of  nitric  acid  in 
alcohol  was  found  to  give  more  satisfactory  results. 

The  highest  silicon  alloys,  containing  4.92  and  6.57  per  cent  re- 
spectively, had  to  be  washed  with  dilute  hydrofluoric  acid  to  remove 
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Fig.  10.     Peculiar  Formation. 

Black  spots  would  appear  in  polishing  some  of 
the  high  silicon  specimens,  too  numerous  to  be 
caused  by  graphite.  This  photomicrograph 
shows  a  peculiar  formation  of  these  black  spots. 
By  careful  and  prolonged  polishing  the  spots 
would  nearly  all  disappear. 

Alloy  No."  3Si27.    2.73%    Si. 

20  Diam.    Unetched. 

the  thin  film  of  a  silicon  composition  that  invariably  formed  on  the 
surface  after  etching.* 

14.  Mechanical  Testing. — The  mechanical  testing  consisted  in  ob- 
taining the  yield  point,  ultimate  strength,  the  elongation  before  the 
specimen  had  commenced  to  "neck,"  the  ultimate  elongation,  and  the 
reduction  of  area  at  the  point  of  fracture.  The  testing  was  done  on 
an  Olsen  10000-pound  testing  machine,  in  which  the  test  pieces  were 
secured  between  screw  sockets.  The  load  was  applied  uniformly  by 
means  of  an  electric  motor,  and  in  most  cases  the  yield  point  was  de- 
tected with  certainty.  As  stated  before,  the  testpieces  from  the  6.57 
per  cent  alloy  could  not  be  threaded  on  account  of  their  brittleness 
and  had  to  be  tested  between  flat  grips. 

IV.     Magnetic  Testing.     Effect  of  Strain  and  Compensating 

Current. 

While  it  is  well  known  that  mechanical  stress  affects  the  magnetic 
properties  of  iron,  it  was  at  first  considered  safe  to  clamp  the  magnetic 
test  rods  in  the  permeameter  without  regard  to  the  method  of  clamp- 
ing, on  the  assumption  that  the  strain  due  to  the  clamping  would  be 
negligible.    It  was,  however,  noticed  that  in  certain  cases  the  perme- 

*L.   Guillet:     Rev.   de   Metallurgie,    Memoirs,   Vol.    1,   p.   46,    1904. 
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ability  increased  materially  by  turning  the  rods  from  one  position  to 
another  and  reclamping,  while  in  other  cases  the  opposite  took  place. 
It  soon  became  evident  that  this  change  of  permeability  was  due  to 
mechanical  strain,  in  such  a  way  that  the  least  strain  gave  the  highest 
permeability.*  In  the  construction  of  the  permeameter  used  in  the 
present  investigation,  particular  attention  was  given  to  the  yokes  to 
be  sure  that  the  holes  for  receiving  the  rods  were  perfectly  parallel. 
However,  even  with  these  yokes,  inconsistencies  were  observed  that 
finally  were  traced  to  strain.  Table  5  gives  the  results  obtained  by 
different  methods  of  clamping.  It  shows  (Table  5a)  that  by  tight 
clamping  the  values  of  B,  for  H  =  0.5,  may  vary  from  8000  to  11000 
for  the  same  rod,  that  is,  about  30  per  cent,  and  that  it  seems  to  make 
little  difference  which  rod  is  used  as  auxiliary.  "With  the  yokes 
clamped  so  as  to  give  good  contact  and  yet  not  strain  the  rods,  the 
results  vary  only  about  1  per  cent,  and  this  may  be  due  to  influences 
other  than  mechanical  strain.  The  figures  for  tight  yokes  show  that 
it  is  possible  to  have  the  yokes  tight  and  yet  have  little  strain  on  the 
rods,  but  there  is  no  way  to  ascertain  whether  the  rods  are  strained, 
if  the  yokes  are  tight. 

Table  5b  shows,  perhaps  even  more  convincingly,  that  the  incon- 
sistent results  shown  in  5a,  are  due  to  strain.  Starting  with  no  strain 
on  the  rods  and  the  circuits  balanced,  the  value  for  B  was  found  to 
be  11460,  which  is  considered  to  be  the  correct  value  for  the  rod  used. 
Without  changing  any  of  the  magnetizing  currents  the  yokes  were 
then  tightened.  Under  this  new  condition  the  contact  between  the 
yokes  and  the  rods  were  better  than  under  the  first  condition  and 
should  require  a  smaller  compensating  current  to  balance  the  mag- 
nectic  circuit.  In  spite  of  the  too  high  compensating  current,  B  was 
apparently  decreased  to  11300.  Balancing  the  magnetic  circuit  shows 
the  true  value  of  B  under  this  condition  to  be  10550.  Leaving  the 
magnetizing  currents  unchanged,  the  yokes  were  then  loosened  (con- 
dition 4).  The  compensating  current  under  this  condition  was  nat- 
urally too  small,  as  the  contact  was  not  as  good  as  before,  and  yet  the 
apparent  value  of  B  was  increased  to  11460.  This  is  probably  the 
most  forceful  evidence  in  favor  of  the  contention.  Balancing  the  cir- 
cuit (condition  5)  shows  the  true  value  to  be  11460,  the  same  as  under 
condition  4.  This  is  evidently  due  to  the  fact  that  the  auxiliary  rod 
had  been  strained  more  than  the  main  rod,  shown  by  the  necessity  of 
decreasing  Haux  from  0.8  to  0.7. 


♦Bulletin  No.   72   Eng.   Exp.    Sta.   p.   40. 
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Table  5. 

Effect  of  Strain  and  Compensating  Current 
on  Magnetic  Testing. 

TEST  ROD  NO.   3Sil4C  WITH  VARIOUS  AUXILLIARY   RODS. 
Induction  B,  fob  H  =  0.5. 


Rods  more  or  less  strained,  due  to  tight  yokes. 

Yokes  loose,  no  strain 

Aux.   rod 
used 

Series  1 

Series  2                        Series  3 
after  reclamping  after  reclamping  and 
*    6  Icleaning  ends  of  rods 

Series  4 

3-54B         1            9330 
3Si09C                   9900 
3SH0C                 10110 
3SillC                 11060 
3Sil20                   9650 
3Sil3C        '         10850 

9800 

8240 

10250 

10250 

10670 

9230 

9250 
8040 
8940 
11160 
8290 
8600 

11700 
11600 
11800 
11800 
11700 
11700 

TEST  ROD  NO.   SSilOO  WITH  AUXILLIARY  ROD   NO.   3Si09C. 
Induction  B,  for  H  =  0.5. 


Cond.  .No. 

Method  of  Clamping. 

Haux 

for  3Si09C 

Compensating 
Current,  Ic 

B 

for  3Sil0O 

1 

Yokes  loose,  no  strain  on  rods,  no  air  gap 

between  rods  and  yokes 

0.7 

.059 

11460 

2 

Yokes  tight,  rods  strained,  magnetizing  cur- 

rents same  as  above 

same 

same 

113001 

3 

Yokes  tight,  rods  strained,  magnetic  circuit 

balanced 

0.8 

.042 

10550 

4 

Yokes  loose,  no  strain  on  rods,  magnetizing 

currents  same  as  above 

same 

same 

11460' 

5 

Yokes    loose,    no    strain    on   rods,    magnetic 

circuit  balanced 

0.7 

.051 

11460 

6 

Yokes   loose,    no    strain    on  rods,    small   air 

gap  between  rods  and  yokes 

0.7 

.105 

12460 

7 

Yokes    tight,    rods    strained,    small    air   gap 

between  rods  and  yokes 

0.8 

.058 

10890 

8 

Yokes  loose,  no  strain,   no  air  gap  between 

rods  and  yokes 

0.7 

.059 

11460 

xMagnetic  circuit  not  balanced;  on  account  of  better  contact  between  rods  and  yokes, 
Ic  is  too  large,  and  yet  B  is  reduced,  showing  that  strain  decreases  permeability. 

♦Magnetic  circuit  not  balanced;  on  account  of  poorer  contact  between  rods  and  yokes, 
Ic  is  too  small,  and  yet  B  is  increased,  showing  that  removal  of  strain  restores  the  rod 
to  its  normal  condition. 


Under  condition  6  a  small  airgap  was  produced  between  the  rods 
and  the  yokes  by  means  of  tissue  paper,  necessitating  a  doubling  of 
Ic.  The  value  obtained  for  B  in  this  case  was  12460,  an  increase  of 
1000  over  the  value  obtained  with  no  airgap.  According  to  theoretical 
calculations,  only  one-tenth  of  this  increase  can  be  attributed  to  the 
increase  in  Ic,  as  a  compensating  current  of  0.105  (which  is  21  times 
the  main  magnetizing  current)  should  increase  H  as  measured,  only 
by  about  2  per  cent.  It  is  possible  that*  the  rest  of  the  increase  may 
be  due  to  the  removal  of  a  slight  strain  that  existed  with  no  airgap, 
but  it  seems  more  probable  that  the  compensating  current  has  a  larger 
effect  than  is  shown  by  theoretical  considerations.  If  it  be  assumed 
that  the  total  increase  is  due  to  Ic,  H  as  measured  is  evidently  in- 
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creased  8  per  cent  due  to  a  compensating  current  equal  to  10  times 
the  main  magnetizing  current,  and  correspondingly  for  other  ratios. 
Should  this  assumption  be  correct,  the  results  recorded  in  this  bulletin 
are  somewhat  exaggerated,  as  corrections  have  been  made  according 
to  theoretical  considerations  only.  More  experimental  evidence,  is, 
however,  necessary  before  the  final  judgment  can  be  passed,  and  in 
the  meantime  the  reader,  in  studying  the  results,  should  keep  this 
matter  in  mind,  remembering  at  the  same  time  that  whatever  the 
effect  of  the  compensating  current  may  be,  the  results  are  strictly 
comparable. 

Under  condition  7  the  rods  were  strained,  bringing  the  value  of  B 
down  to  10890,  nearly  the  same  as  under  3.  Removing  the  airgap 
and  testing  with  no  apparent  strain,  the  value  found  for  B  was  11460, 
the  same  as  under  similar  conditions  before.  It  is  interesting  to  note 
that  Ic  under  the  last  two  conditions  was  practically  the  same,  while 
B  with  the  rod  strained  was  about  600  gausses  less  than  with  no 
strain,  another  forceful  argument  showing  that  the  permeability  is 
decreased  by  a  slight  strain. 

The  condition  of  no  strain  can  only  seldom  be  applied  in  practice, 
but  it  is  necessary  in  an  investigation  of  this  kind  to  make  the  tests 
under  conditions  that  can  be  duplicated  and  standardized,  in  order 
to  obtain  results  that  are  comparable,  and  Table  5  shows  very  plainly 
that  the  "no  strain"  condition  is  the  only  one  that  fulfills  this  re- 
quirement. Another  argument  for  the  adoption  of  the  "no  strain" 
condition  is  that  this  is  the  condition  that  exists  in  the  only  other 
reliable  method  of  magnetic  testing  that  the  writer  knows  of,  namely 
the  Rowland  ring  method.*  In  the  appendix  will  be  found  some  re- 
sults obtained  with  ring  specimens  together  with  a  discussion  of  the 
same. 

V.    Results 

15.  Chemical  Properties. — Table  6  gives  a  complete  list  of  all  the 
alloys  made,  together  with  the  chemical  analysis  for  silicon.  From 
the  amount  of  silicon  added,  the  percentage  lost  in  terms  of  the  weight 
of  the  ingot  has  been  calculated  and  listed  in  the  fourth  column.  The 
only  elements  that  are  present  in  the  alloys  as  impurities  in  a  measura- 
ble quantity  are  carbon,  amounting  to  about  0.01  per  cent,  and  oxygen. 

In  bulletins  No.  72  and  No.  77  of  the  Engineering  Experiment  Sta- 
tion it  was  shown  that  the  electrolytic  iron,  even  after  the  thorough 

*Most  of  the  inconsistencies  that  appeared  in  Bulletin  No.  72  on  the  properties  of 
pure  iron  can  no  doubt  be  attributed  to  strain  in  view  of  the  results  shown  here. 
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cleaning  to  which  it  was  subjected  before  melting^  contained  about  0.4 
per  cent  oxygen  in  the  form  of  some  oxide  of  iron.  It  was  shown 
that  while  carbon  will  reduce  the  iron  oxide  before  commencing  to 
combine  with  the  iron,  boron  will  combine  with  the  iron  before  all  the 
iron  oxide  is  reduced,  its  affinity  for  oxygen  being  about  twice  its 
affinity  for  iron.  From  Table  6  it  is  seen  that  silicon  in  this  respect 
acts  like  boron,  with  the  difference,  that  its  affinity  for  iron  is  much 
stronger  than  its  affinity  for  oxygen.  The  percentage  silicon  lost, 
that  is,  the  percentage  that  has  been  oxidized  and  changed  into  slag, 
increases,  somewhat  irregularly  with  the  silicon  added,  but  reaches  a 

Table  6. 

List  of  Alloys. 


Specimen 
No. 


Silicon 

Added 

per  cent 


Silicon 
Content 
as  per 
Chem.  Anal, 
per  cent 


Silicon 

Lost 

per  cent 


Remarks 


3-51 

.000 

3-52 

.000 

3-53 

.000 

3-54 

.000 

3-55 

.000 

3Si05 

.092 

3Si06 

.185 

3Si07 

.276 

3Si08 

.368 

3Si09 

.460 

3SilO 

.551 

3Sill 

.643 

3Sil2 

.734 

3Sil3 

.825 

3Sil4 

.916 

3Sil5 

.138 

3Sil6 

.046 

3Sil7 

.230 

3Sil8 

1.810 

3Sil9 

2.690 

3Si20 

3.560 

3Si21 

.092 

3Si22 

.185 

3Si23 

.276 

3Si24 

2.690 

3Si25 

3.560 

3Si26 

2.260 

3Si27 

3.125 

3Si28 

4.410 

3Si29 

5.230 

3Si30 

8.420 

3Si31 

2.260 

3Si32 

6.850 

3Si33 

.459 

3Si34 

.915 

3Si35 

.276 

3Si36 

3.980 

3Si37 

4.810 

3Si38 

2.460 

3Si39 

3.560 

3Si40 

3.560 

3Si41 

2.690 

3Si42 

2.690 

3Si43 

2.770 

3Si46 

2.600 

3Si47 

2.510 

3Si51 

2.660 

ab't.  .001 

"      .001 

"      .001 

"      .001 

"      .001 

.068 

.148 

.242 

.309 

.400 

.472 

.563 

.673 

.698 

.822 

.064 

.010 

.230 

1.741 

2.550 

3.580 

.048 

.091 

.205 

2.570 

3.400 

2.180 

2.730 

4.440 

4.920 

8.550 

1.710 

6.570 

.420 

.700 

.193 

3.550 

4.390 

2.260 

3.185 

2.960 

2.360 

2.700 

2.550 

'      2.530 

2.410 

2.600 


.024 
.037 
.034 
.059 
.060 
.079 
.080 
.061 
.127 
.094 
.074 
.036 
.000 
.069 
.140 

-.020 
.044 
.094 
.071 
.120 
.160 
.080 
.395 

-.030 
.310 

-.130 
.550 
.280 
.039 
.215 
.083 
.430 
.420 
.200 
.375 
.600 
.330 

-.010 
.220 
.070 
.100 
.060 


These  rods  were  discarded  after  annealing 
at  1100°  C  on  account  of  oxidation  due  to 
a  leak  in  the  furnace. 


The  magnetic  data  for  these  rods,  after 
annealing  at  900°  C.  were  taken  before  the 
effect    of    strain    due    to    tight    clamping    of 

.   the  yokes  was  noticed. 

*  It  was  impossible  to  re-test  these  rods  an- 
nealed at  900°  because  they  were  already 
annealed  at  1100°.  Data  for  the  1100° 
annealing  were   taken  without   strain. 


Not  forgeable.    Crushed  into  mass  of  crystals. 
Flaw  in  center  of  rod  after  forging. 


Not  forgeable.     Same  as  3  Si  19. 
Contaminated  in  melting. 


Not  forgeable. 


I   Not  used.      Made   from   Electrolytio   Iron 
f  that  proved  to  be  impure. 


J  Used  for  mechanical  tests  only. 

f  Used   for  rings   for   comparative   magnetic 

>  testing. 


Used  for  mechanical  tests  only. 
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maximum  of  about  0.5  per  cent.  As  silicon  oxidizes  to  Si02  the  maxi- 
mum amount  of  oxygen  absorbed  is  0.44  per  cent,  or  the  same  amount 
that  was  found  in  the  two  previous  investigations,  using  carbon  or 
boron. 

16.  Mechanical  Properties. — The  results  of  the  mechanical  tests 
are  shown  in  Tables  7  and  8  and  graphically  in  Figs.  11  and  12.  A 
comparison  between  these  results  and  those  obtained  by  previous  in- 
vestigators was  given  in  Figs.  1  and  2.  Fig.  13  is  a  photograph  of 
some  of  the  test  pieces  after  being  tested,  showing  very  clearly  the 
variation  in  the  elongation  and  reduction  of  area  caused  by  silicon. 

From  the  data  thus  presented  it  may  be  stated  in  general  that 
silicon  increases  the  strength  of  iron  in  almost  direct  proportion  to 
the  amount  added,  until  the  maximum  strength  is  reached  with  a 
silicon  content  of  about  4.5  per  cent.  From  this  point  on,  the  elastic 
limit  coincides  with  the  ultimate  strength,  and  both  decrease  very 
rapidly.  The  limit  of  forgeability  lies  at  about  7  per  cent.  The  values 
for  the  forged  condition  are  considerably  higher  than  for  the  annealed 
condition,  the  difference  varying  between  10,000  and  20,000  lb.  per 

Table  7. 

Results  of  Mechanical  Tests. 

As  Forged. 


Number    |    Silicon 
of  Content, 

Specimen  I       % 


Yield 
Point,  lb. 
per  sq.  in. 


Ultimate 

Strength, 

lb.  per 

sq.  in. 


Elongation   °/o 


Before 
"Neck- 
ing" 


Ulti- 
mata 


Reduction 

of 
Area,  % 


Remarks 


3-39 
3-53 
3-55 
3Sil6 

3Si21 

3Si05 
3Si22 
3Si06 
3Si23 
3Sil7 
3Sill 
3Sil2 
3Sil4 
3Si31 
3Si38 
3Si41 
3Si47 
3Si46 
3Si51 
3Si43 
3  Si  42 
3Si25 
3Si36 
3Si37 

3Si29 
3Si32 


.001 

35,800 

44,700 

39 

80.4 

.001 

44,400 

46,500 

3 

24 

53.8 

.001 

38,000 

40,800 

8 

40 

88.5 

.010 

41,800 

45,200 

11 

35 

78.0 

.048 

42,850 

46,900 

5 

25 

91.6 

.068 

36,800 

43,800 

10 

37 

92.0 

.091 

35,600 

43,750 

12 

36 

91.7 

.148 

38,600 

45.000 

11 

42 

94.8 

.205 

42,500 

49,700 

10 

39 

93.4 

.230 

41,300 

47,500 

10 

45 

89.7 

.563 

40,750 

51,000 

12 

41 

92.6 

.673 

58,000 

9 

30 

91.4 

.822 

45,200 

55,800 

11 

36 

93.1 

1.71 

68,100 

76,300 

6 

29 

87.2 

2.25 

66,550 

77,750 

12 

37 

82 

2.36 

77,200 

86,450 

8 

24 

66 

2.41 

63,500 

75,800 

9 

23 

65 

2.54 

60,300 

73,400 

14 

16 

20 

2.63 

68,700 

78,500 

13 

24 

43 

2.65 

59,000 

74,700 

14 

34 

72 

2.78 

68,250 

78,000 

6 

21 

74 

3.40 

74,500 

86,300 

10 

31 

74.7 

3.55 

83,400 

99,300 

12 

23 

41.3 

4.39 

94,000 

105,000 

6 

6 

7.5 

4.92 

50,250 

NU 

NU 

NU 

6.57 

5,120 

5,120 

NU 

NU 

Nil 

Failed  near 
Punch  Mark 


Slight  Flaw. 


Failed  at  Base 

of  Head 
Tested  between 
grips  without  be- 
ing machined 
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sq.  in.  (7  to  14  kg.  per  sq.  mm.).  For  the  4.5  per  cent  alloy  "as 
forged"  the  ultimate  strength  is  105,000  lb.  per  sq.  in.  (73.5  kg.  per 
sq.  mm.)  about  8000  lb.  (5.6  kg.)  higher  than  the  maximum  obtained 
by  previous  investigators.  The  practical  absence  of  carbon  in  the 
vacuum  iron  causes  the  low-silicon  alloys  to  be  weaker  than  the  cor- 
responding alloys  tested  by  previous  investigators,  but  this  same  ab- 
sence of  carbon  is  evidently  a  cause  for  added  strength  in  the  4.5  per 
cent  alloy,  in  which  the  carbon  exists  in  the  form  of  graphite. 

Table  8. 
Eesults  of  Mechanical  Tests. 

Annealed. 


Number 

Silicon 

of 

Content, 

Specimen 

% 

Yield 
Point,  lb. 
per  sq.  in. 


Ultimate 

Strength, 

lb.  per 

sq.  in. 


Elongation   % 


Before 
"Neck- 
ing" 


Ulti- 
mate 


Reduction 

of 

Area,  % 


Remarks 


Annealed   at   970 

°  C. 

3-39 

.001 

16,400 

36,100 

61 

80.9 

3Sil6 

.010 

16,050 

34,900 

25 

53 

81.5 

3Si21 

.048 

20,100 

35,000 

23 

48 

89.3 

3Sil5 

.064 

14,750 

34,100 

27 

29 

45.1 

Failed  near  Head 
Flaw. 

3Si05 

.068 

20,400 

34,900 

28 

64 

94.8 

3Si22 

.091 

14,290 

35,400 

26 

64 

91.8 

3Si06 

.148 

15,890 

35,200 

29 

48 

67.0 

3Si23 

.205 

25,075 

38,650 

19 

50 

89.4 

3Sil9 

.230 

14,910 

35,500 

30 

60 

84.7 

Broke  near  Head. 
Flaw 

3Si07 

.242 

18,100 

38,400 

25 

60 

91.3 

3Si08 

.309 

21,650 

40,400 

25 

55 

90.0 

3Si09 

.400 

26,000 

42,000 

20 

55 

91.0 

3SilO 

.472 

17,340 

42,750 

26 

54 

91.4 

3Sill 

.563 

25,700 

41,200 

08 

Was  not  Stressed 
to  Failure.    Flaw 

3Sil2 

.673 

26,550 

45,230 

21 

45 

88.2 

3Sil3 

.698 

23,100 

43,000 

25 

57 

89.0 

.  3Sil4 

.822 

26,200 

45,150 

28 

50 

91.6 

3Si31 

1.710 

35,800 

54,250 

25 

50 

90.6 

3Sil8 

1.741 

45,750 

55,000 

14 

84.7 

Failed  at  Punch 
Mark. 

3Si38 

2.28 

42,200 

63,500 

23 

50 

85.0 

3Si43 

2.36 

46,200 

63,600 

17 

29 

51.0 

3Si41 

2.38 

43,000 

64,200 

26 

50 

84.5 

3Si47 

2.38 

47,500 

68,700 

22 

45 

78.5 

3Si46 

2.56 

47,250 

64,200 

14 

18 

31.5 

3Si51 

2.59 

42,500 

68,200 

22 

42 

82.5 

3Si42 

2.70 

48,500 

61,800 

6 

6 

11.3 

3Si27 

2.73 

49,600 

67,800 

18 

19 

15.5 

3Si25 

3.40 

57,100 

77,400 

15 

21 

28.7 

Annealed  at 

3Si37 

4.39 

85,000 

85,000 

NU 

NU 

1.2 

1030°  C  in  Nitro- 
gen 

3Si28 

4.44 

72,900 

91,600 

14 

24 

25.1 

3Si29 

4.92 

47,700 

47,700 

NU 

NU 

NU 

Head  failed 

3Si32 

6.57 

13,000 

13,000 

NU 

Nil 

NU 

Tested  between 
Grips. 

Annealed  at  HOC 

°  C. 

3Si41 

2.35 

39,400 

58,300 

8 

10 

10 

3Si47 

2.43 

41,700 

63,100 

24 

45 

67 

3Si46 

2.48 

45,200 

66,300 

21 

47 

75 

3Si43 

2.53 

43,300 

62,500 

20 

40 

71 

3Si42 

2.61 

38,900 

59,500 

17 

32 

61 

Slight  Flaw 

3Si51 

2.63 

43,300 

45,600 

1 

2 

NU 
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3  4  5 

Silicon  Content-  percent 

Fig.  11.    Mechanical  Properties  op  Iron-Silicon  Allots,  Melted  in 

As  Forged. 


With  regard  to  the  elongation  and  reduction  of  area,  the  results 
in  general  confirm  those  obtained  by  Hadfield,  Baker  and  Paglianti 
concerning  the  effect  of  silicon.  However,  the  vacuum  alloys  again 
show  the  effect  of  the  lack  of  carbon  in  being  much  tougher  in  the 
region  of  low  silicon  as  well  as  in  the  region  between  3  and  5  per  cent. 
The  latter  is  particularly  significant,  as  it  is  in  this  region  that  the 
maximum  strength  occurs.  While  the  strength  maximum  for  alloys 
containing  small  amounts  of  carbon  corresponds  to  zero  elongation  and 
reduction  of  area,  the  strongest  vacuum  alloy  in  the  forged  condition 
has  a  reduction  of  area  of  8  per  cent,  and  an  elongation  of  7  per  cent. 
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3  4  5 

Silicon  Content- percent 

Fig.  12.    Mechanical  Properties  of  Iron-Silicon  Alloys,  Melted  in  Vacuo. 

Annealed. 


In  the  annealed  state  the  corresponding  figures  for  the  same  alloy 
are  24  and  22  per  cent. 

A  very  interesting  feature,  as  shown  by  the  curves  of  Figs.  11 
and  12,  is  the  critical  point  that  occurs  with  about  2.60  per  cent  silicon, 
the  characteristic  of  the  alloys  in  this  region  being  their  comparative 
brittleness.  This  point  was  first  noticed  by  the  fact  that  two  ingots, 
containing  2.55  and  2.57  per  cent  silicon  respectively,  were  not  forge- 
able,  but  fell  into  a  mass  of  crystals  that  apparently  had  no  adhesive 
strength.  One  of  these  alloys  is  shown  in  Fig.  30.  That  this  occur- 
rence was  not  accidental  is  shown  by  the  fact  that  the  two  alloys  were 
made  at  different  times,  and  they  were  subjected  to  forging  on  differ- 
ent days,  in  company  with  other  alloys  that  forged  perfectly.     The 
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3-55 

Si.-0.001% 


3—39 

Si.-0.001% 


3  Si.  05 
Si.-0.068% 


3  Si.  08 
Si.-0.309% 


3  Si.  23 
Si.-0.205<Jo 


3  Si.  10 
Si.-0.472% 


3  Si.  11 

Si-0.563% 


3  Si.  14 

Si.-0.822% 


3  Si.  14 

Si.-0.822<7o 


3  Si.  31 
Si-1.71% 


3  Si.  31 
Si.-1.71% 


3  Si.  27 

Si.-2.73% 


3  Si.  36 
Si.-3.55% 


3  Si.  25 
Si.-3.40% 


3  SI.  37 

Si.-4.S9% 


3  Si.  28 
Si. -4. 44% 


3  Si.  29 
Si.-4.92% 


3  Si.  29 
Si.-4.92% 


[tknsbn] 
Fig.  13.     Some  of  the  Mechanical  Test  Pieces  after  being  Tested. 


structure  of  the  two  alloys  is  identical,  consisting  of  large  allotrio- 
morphic  crystals  Vs  i*1-  (3  mm.)  to  Vi  in.  (6  mm.)  across.  Since  his 
first  report*  upon  the  iron-silicon  alloys,  where  this  critical  point 
was  mentioned,  the  writer  has  obtained  additional  experimental  data 
in  the  region  in  which  this  point  occurs.  These  data  are  included  in 
the  present  report,  making  it  possible  to  draw  definite  curves  through 

*A.  I.  E.  E.  Proceedings,  Vol.  34,  p.  2455,  Oct.,   1915. 
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the  critical  range.  The  critical  point  appears  in  all  the  characteristic 
curves  for  the  mechanical  properties,  both  for  the  unannealed  and  for 
the  annealed  alloys.  For  the  unannealed  specimens  there  is  a  sudden 
drop  in  the  reduction  of  area  and  ultimate  elongation  at  2.25  per  cent 
silicon,  the  curves  reaching  their  minima  at  about  2.56  per  cent,  which 
is  the  silicon  content  of  the  two  non-forgeable  alloys.  With  increasing 
silicon  contents  these  curves  again  rise  as  suddenly  as  they  previously 
dropped,  attaining  about  the  same  values  as  before  the  critical  point 
was  reached.  At  3.50  per  cent  the  second  and  final  drop  begins  for 
these  curves,  reaching  zero  at  about  5  per  cent  silicon. 

For  the  annealed  specimens  the  critical  point  is  even  more  marked, 
but  the  reduction  of  area  and  the  elongation  do  not  recover  as  com- 
pletely after  the  critical  point  is  passed  as  was  the  case  with  the  un- 
annealed specimens.  The  critical  point  for  the  annealed  alloys  occurs 
with  a  silicon  content  of  about  2.65  per  cent,  slightly  higher  than  for 
the  unannealed  alloys.  The  writer  knows  of  no  satisfactory  explana- 
tion of  this  critical  point,  neither  has  he  been  able  to  find  any  such 
phenomenon  reported  by  anybody  else.  From  Figs.  1  and  2  it  is  seen, 
however,  that  both  Hadfield  and  Paglianti,  and  to  some  extent  Baker, 
indicate  irregularities  in  some  of  their  curves  for  a  silicon  content  be- 
tween 2  and  3  per  cent.  None  of  the  above  investigators,  however, 
and,  as  far  as  the  writer  has  been  able  to  find  out,  no  other  investi- 
gator has  recorded  in  the  literature  the  properties  of  an  iron-silicon 
alloy  containing  between  2.50  and  2.67  per  cent  silicon. 

As  critical  points  are  usually  associated  with  the  formation  of 
definite  compounds  of  the  elements  present,  it  may  be  of  some  interest 
to  note  that  a  compound  of  the  formula  Fe19Si  would  contain  2.56 
per  cent  silicon,  and  similarly  that  a  compound  of  the  formula  Fe19Si2 
would  contain  4.99  per  cent  silicon.  It  was  stated  above  that  the  first 
critical  point  in  the  present  case  occurs  with  a  silicon  content  of  2.56 
per  cent,  and  also  that  there  is  a  sudden  change  at  about  5  per  cent 
silicon.  Whether  this  agreement  is  a  mere  coincidence,  or  whether 
these  compounds,  or  others,  actually  exist,  the  writer  is  not  prepared 
to  say,  as  conclusive  evidence,  in  the  way  of  cooling  curves  for  these 
particular  alloys,  are  not  available. 

17.  Magnetic  and  Electrical  Properties. — The  results  of  the  mag- 
netic and  electrical  tests  are  shown  in  Tables  9  and  10,  and  in  Figs. 
14  to  18  inch  Figs.  14  and  15  give  at  a  glance  the  magnetic  and 
electrical  properties  of  the  series,  Fig.  14  after  annealing  at  900°C, 
and  Fig.  15  after  annealing  at  1100°C.  The  properties  in  the  forged 
state  have  not  been  thus  plotted  for  the  reason  that  they  are  of  less 
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interest  on  account  of  their  inferiority.  However,  in  order  to  have 
them  included  in  the  report,  Fig.  16  gives  the  flux  densities  for  vari- 
ous magnetizing  forces  for  the  alloys  as  forged;  Figs.  17  and  18 
give  the  corresponding  values  after  annealing  at  900 °C  and  1100°C 
respectively,  thus  affording  means  for  comparison  as  to  the  effect  of 
the  various  heat  treatments.  From  these  three  figures  it  is  seen  that 
for  H  =  50  or  above  the  annealing  at  1100°  has  the  effect  of  de- 
e teasing  B  by  500  to  1000  gausses  for  low  silicon  alloys,  while  for 
H  =  20  and  below  the  forged  condition  is  decidely  inferior  to  the 
annealed  conditions.  Comparing  the  900°  and  1100°  annealing  it  is 
seen  that  for  H  =  20  to  H  =  0.5  the  900°  annealing  is  superior  for 
decreasingly  lower  silicon  contents  only,  and  for  H  =  0.3  and  below 
the  1100°  annealing  is  superior  for  the  whole  range.  In  general,  it 
may  be  said  that  for  high  magnetizing  forces  B  decreases  with  in- 
creasing silicon  content,  no  matter  what  the  heat  treatment  has  been. 
This  was  expected  to  be  the  case  from  previous  researches  on  the  sat- 
uration values  of  iron-silicon  alloys.  Thus  Gumlich  and  Goerens  found 
that  the  saturation  value  4  -k  Imax  is  decreased  by  500  gausses  for  each 
1  per  cent  silicon. 

Table  9. 

Results  of  Magnetic  and  Electrical  Tests 
Rods  Annealed  at  900  °C. 


Hysteresis 

o 
a 

M 

o 
>»© 

."So 
3° 

Loss, 

ergs  per  cc. 

per  cycle 

Retentivity 
gausses 

Force  gil- 
berts per  cm 

GO 

o 

1  « 

a  3 

in 

KO 

KO 

V.  o 

KO 

KO 

MO 

.2  s 

a 

^s  <? 
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;  o 
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o 
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.■s  "  M 
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SO 
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Eo 

o 

ta  « 

fflo 

W  •" 
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«o 

«w 

a 

Pn 

aCk 

tU  o 

H 

O.N 

a 

«2  II 

.8  II 

°  II 

•2  II 

.2  II 

5  11 

Remarks 


3-54 
3-55 
3Sil6 
3Sil5 
3Si05 
3Si06 
3Sil7 

3SilO 

3Sil4 

3Si3l 
3Sil8 
3Si27 
3Si25 

3Si36 
3Si37 

3Si28 
3Si29 


.001 

23100 

8500 

21800 

764 

.00122500111000 

21300 

875 

.010[25000'l0000 

25000 

795 

.064  22800 

10000 

21700 

782 

.068  37500 

9000 

36300 

405 

.148 

47000 

8000 

42500 

396 

.230 

30000 

6000 

26300 

496 

.472 

14000 

7000 

12700 

960 

.822 

13500 

9000 

13300 

1215 

1.71 

18000 

7000 

15900 

800 

1.740J14300 

8000 

14100 

935 

2.73   |l6800 

6000 

13300 

S21 

3.40    i20000 

6000 

15900 

560 

3.55 

14000 

4500 

8850 

802.5 

4.33 

12750 

4500 

7500 

846.0 

4.44 

16100 

4800 

10100 

623 

4.92 

9100 

4500 

5330 

776 

1610 
1790 
1770 
1738 
1210 
965 
1311 

1863 

2432 

1541 

2162 
1779 
1390 

1812 
1956 

1575 
2006 


9400 
9100 
9480 
9100 
9480 
9300 
9000 

8900 

9100 

8400 

9000 
8270 
7900 

6900 
6600 

7000 
4500 


14200 
13800 
14600 
14500 
14520 
14100 
13600 

1170o! 

12400 

11540 
12600 
10500 
9570 

81001 
77001 

8370| 
53001 


25 

.30 

9.85 

29 

.36 

9.82 

28 

.35 

9.89 

26 

.35 

10.65 

12 

.23 

10.75 

12 

.19 

11.8 

.15 

.23 

11.60 

30 

.33 

16.2 

.42 

.53 

21.3 

26 

.32 

33.2 

29 

.4,2 

31.2 

27 

.34 

41.8 

.20 

.23 

48.5 

28 

.34 

51.5 

29 

.31 

58  8 

16 

.24 

57.7 

27 

.36 

66.5 

Rod  Strained 
in  Testing 
Rod   Strained 
in   Testing 


Rods    Con- 
taminated    by 
Impure   Rods. 
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Table  10. 

Results  op  Magnetic  and  Electrical  Tests 
Rods  Annealed  at  1100°C. 
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.001 

22800 

8000  21300 
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.20 

.24 

9.84 

3-55 

.001 

25800 

9000  25600 

707 

1451 

9300 

12700 

.23 

.28 

9.85 

3Sil6 

.01 

29000 

9000 

28670 

707 

1604 

9600 

14300 

.21 

.31 

9.90 

3Si21 

.040 

27000 

10000 

27000 

700 

1660 

9440 

14480 

.23 

.32 

10.50 

3Sil5 

.064 

36800 

9000 

36300 

502 

1336 

9500 

14300 

.16 

.25 

10.67 

3Si05 

.068 

44200 

9000 

43500 

407 

1214 

9480 

14200 

.13 

.22 

10.78 

3Si22 

.091 

45250 

9000 

43500 

394 

929 

9500 

14300 

.13 

.17 

10.96 

3Si06 

.148 

66500 

6500 

41700 

286 

916 

9080 

12000 

.09 

.16 

11.80 

3Si23 

.205 

30200 

9000 

29500 

649 

1526 

9300 

14480 

.20 

.27 

12.50 

Contami- 

3Sil7 

nated  by 
impure  Rods 

SSi07 

.242 

36500 

7500 

33000 

436 

1346 

9700 

14500 

.13 

.21 

13.40 

3Si08 

.309 

44800 

9000 

43500 

445 

1412 

9600 

14500 

.13 

.24 

14.40 

3Si09 

.400 
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9000 

22000 

725 

1820 
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.21 

.32 
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3SilO 
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.21 

16.57 

3Sill 

.563 

25000 

9000 
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.20 
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1636 
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13670 
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3Sil3 

.698 

20350 

8000 

19600 

780 

2220 

9300 

14400 

.25 

.40 

19.60 

3Sil4 

.822 

30800 
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30300 

542 

1765 
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14100 

.18' 

.35 

21.25 

3Si31 

1.71 

30150 

6500 

24700 

440 

1292 

8700 

12000 

.12 

.22 

33.25 

3Sil8 

1.740 

33000 

7000 

26300 

416 

1112 

9200 

12600 

.13 

.19 

31.00 

3Si27 

2.73 

46800 

9500 

46000 

404 

1260 

9100 

13300 

.13 

.23 

42.00 

3Si25 

3.40 

63300 

6500 

46500 

280 

1025 

9100 

12400 

.08 

.15 

48.50 

3Si36 

3.55 

36000 

7500 

29500 

419 

1157 

8920 

12000 

.13 

.21 

48.50 

Rods  an- 
nealed in 

Nitrogen 

3Si37 

4.39 

25700 

6000 

15400 

591 

1819 

8300 

10200 

.20 

.25 

56.10 

3Si28 

4.44 

30200 

3000 

15900 

405 

1171 

7000 

8000 

.12 

.15 

57.40 

3Si29 

4.92 

12200 

5000 

7040 

780 

2620 

6300 

7100 

.26 

.35 

66.20 

Turning  now  to  Figs.  14  and  15  two  maxima  appear  very  dis- 
tinctly in  the  curves  for  maximum  permeability,  corresponding  to  two 
minima  in  the  curves  for  hysteresis  loss  and  coercive  force.  The  first 
of  these  points  occurs  at  a  silicon  content  of  0.15  per  cent,  the  second 
at  a  silicon  content  of  about  3.5  per  cent  for  the  permeability  and 
about  4.0  per  cent  for  the  hysteresis  and  coercive  force.  The  reason 
that  the  second  maximum  for  permeability  and  minimum  for  hysteresis 
loss  do  not  occur  at  the  same  silicon  content  appears  very  clearly  from 
the  retentivity  and  coercive  force  curves,  when  it  is  remembered  that 
the  hysteresis  loss  primarily  depends  upon  the  coercive  force  and  the 
retentivity  and  only  to  a  less  extent  upon  the  maximum  permeability. 

That  a  maximum — or  minimum — should  occur  for  a  low  silicon 
content  was  not  surprising  in  view  of  the  results  previously  obtained 
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Fig.  14.     Magnetic  and  Electrical  Properties  of  Iron-Silicon  Alloys 
Melted  in  Vacuo.     Annealed  at  900°  C. 
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Fig.  16.     Flux  Density  for  Various  Magnetizing  Forces.     As  Forged 


with  pure  iron,  iron-carbon,  and  iron-boron  alloys.  In  the  latter  case 
a  maximum  was  obtained  with  a  trace  of  boron,  evidently  on  account 
of  a  slight  purification  of  the  iron,  but  as  soon  as  the  boron  content 
became  measurable  the  magnetic  properties  immediately  depreciated. 
The  first  maximum  in  the  present  case  can,  no  doubt,  be  accounted  for 
in  the  same  way,  and  consequently  this  point  may  be  regarded  as 


40 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


20000 


16000 


02       OJ      0.6 


Fig.  17. 


o.e     i.o  ^  J 

5ilicon  Content- percent 

Flux  Density  for  Various  Magnetizing  Forces. 
Annealed  at  900°  C 


characteristic  of  the  purest  iron  obtainable  under  the  present  condi- 
tions, containing  0.15  per  cent  silicon  and  a  small  amount  of  oxygen 
in  the  form  of  iron  oxide.  The  slight  uncertainty  existing  for  silicon 
contents  below  1.0  per  cent,  as  shown  by  the  distribution  of  the  points, 
is  probably  due  to  the  varying  amounts  of  oxide  left  in  the  iron. 
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That  the  oxide  in  the  iron  before  melting  varied  to  some  extent  is 
apparent  from  Table  6,  judging  from  the  amount  of  silicon  oxydized 
in  the  high  alloys,  where  probably  all  the  oxide  was  reduced.  This 
reasoning  would  consequently  also  account  for  the  uniform  results 
obtained  for  the  high  silicon  contents. 
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The  second  maximum — or  minimum — was  wholly  unexpected  as 
strength  and  brittleness  are  not  generally  associated  with  high  mag- 
netic quality.  It  is  true  that  previous  investigators  have  found  a  maxi- 
mum between  2.5  to  4.0  per  cent  silicon,  but  as  was  pointed  out  on 
pp.  12  and  16  this  was  thought  to  be  due  to  the  neutralizing  effect 
of  the  silicon  upon  the  relatively  large  amounts  of  impurities,  chiefly 
carbon,  present  in  the  iron.  In  the  present  case  the  alloys  contained 
only  about  0.01  per  cent  of  carbon,  an  amount  considered  too  low  to 
be  of  any  consequence,  and  only  minute  traces  of  other  impurities 
were  present.  Thus  it  seems  improbable  that  the  second  maximum  in 
this  case  can  be  attributed  solely  to  the  conversion  of  0.01  per  cent 
of  combined  carbon  into  graphite.  It  seems  more  probable  that  the 
improvements  are  due  partly  to  this  conversion  and  partly  to  the 
complete  reduction  of  iron  oxide.  If  this  second  maximum  should  be 
due  entirely  to  the  conversion  of  combined  carbon  into  graphite,  the 
current  ideas  regarding  the  influence  of  carbon  upon  the  magnetic 
properties  of  iron  will  certainly  have  to  be  changed,  and  it  will  be- 
come desirable  to  remove  from  the  iron  the  last  trace  of  carbon.  Ac- 
cording to  these  hypotheses,  the  first  maximum  fs  due  to  pure  iron 
in  spite  of  small  amounts  of  iron  oxide  and  combined  carbon,  while 
the  second  maximum  is  due  to  pure  iron  in  spite  of  a  relatively  large 
amount  of  dissolved  silicon.  If  none  of  the  above  hypotheses  is  cor- 
rect, the  only  other  explanation  remaining  is  that  the  second  maximum 
is  due  directly  to  silicon  dissolved  in  the  iron.  As  an  argument 
against  such  a  theory  Hadfield  and  Hopkinson*  in  1910  and  Gum- 
licht  in  1912  brought  out  the  fact  that  silicon  reduces  the  saturation 
value  of  iron  in  direct  proportion  to  the  silicon  dissolved  in  the  iron, 
and  consequently  it  did  not  seem  probable  that  silicon  could  directly 
improve  the  permeability  at  lower  densities.  However,  it  is  a  curious 
coincidence  that  at  the  same  meeting  of  the  Faraday  Society  at  which 
Dr.  Gumlich  made  the  above  statement,  Dr.  P.  Weiss:):  read  a  paper 
on  iron-cobalt  alloys,  showing  that  the  alloy  Fe2Co  has  a  saturation 
value  10  per  cent  higher  than  that  of  pure  iron.  The  writer^  in  co- 
operation with  Dr.  E.  H.  Williams§  has  recently  shown  that  while 
the  iron-cobalt  alloy,  Fe2Co,  melted  in  vacuo  has  a  saturation  value 
13  per  cent  higher  than  that  of  pure  iron  melted  under  identical  con- 
ditions, its  permeability  at  low  densities  is  much  lower.     Evidently 

*Inst.  of  Elect.   Engrs.  Vol.  46,  p.   225,    1911. 

fTrans.   Faraday  Soc.  Vol.   8,  p.   109,   1912. 

{Trans.   Faraday  Soc.  Vol.   8,  p.    149,    1912. 

flGen.  Elect.  Rev.  Oct.,   1915,  Vol.   18,  p.   881,   Sept.,   1915. 

§Phys.  Rev.  N.S.  Vol.  6,  p.  404,  Nov.  1915. 
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both  the  high  saturation  value  and  the  comparatively  low  per- 
meability at  lower  densities  of  the  Fe2Co  alloy  must  be  due 
to  the  combination  between  iron  and  cobalt,  or,  in  other  words,  must 
be  attributed  directly  to  the  cobalt.  There  is  no  reason,  then,  why 
the  low  saturation  value  and  the  high  permeability  at  low  densities  of 
the  3.40  per  cent  iron-silicon  alloy  can  not  both  be  due  directly  to 
silicon.  That  is,  no  foundation  exists  any  longer  for  assuming  that 
there  is  a  direct  connection  between  the  saturation  value  of  a  certain 
alloy  and  its  properties  at  low  and  medium  densities,  and  it  is  conse- 
quently possible  that  the  second  maximum  occuring  in  the  maximum 
permeability  curve  for  the  iron-silicon  series  may  be  due  directly  to 
silicon.  More  experimental  evidence  is  needed,  however,  before  it  is 
safe  to  make  a  definite  statement  in  this  respect. 

While  silicon  is  thus,  directly  or  indirectly,  engaged  in  improving 
the  magnetic  properties  of  iron,  it  serves  a  very  useful  purpose  by 
increasing  the  electrical  resistance  of  the  iron  enormously,  giving  the 
iron  the  exact  characteristics  desired  for  electromagnetic  machinery. 

The  iron-silicon  series  thus  offers  two  important  alloys  for  elec- 
trical purposes,  both  having  high  permeability  and  low  hysteresis  loss, 
but  differing  in  that  one  has  a  very  low,  while  the  other  has  a  very 
high  electrical  resistance. 

The  values  obtained  are,  undoubtedly,  without  precedent  in  the 
annals  of  the  magnetic  properties  of  iron  and  iron  alloys,  and  it  is 
only  after  a  careful  analysis  of  the  apparatus  used  and  the  methods 
employed  in  testing  that  the  writer  feels  justified  in  publishing  them. 
As  an  extra  precaution,  however,  he  wishes  to  repeat  the  statement 
made  on  p.  27  that  experimental  evidence  seems  to  point  towards  a 
larger  percentage  error  due  to  the  compensating  current  than  theo- 
retical considerations  according  to  Burrows  and  others  would  lead 
to.  But  even  if  the  maximum  error  in  the  results  as  given  should 
amount  to  20  per  cent,  their  significance  would  not  be  altered  appre- 
ciably. Whether  the  true  maximum  permeability  attained  is  66,500 
or  53,200  is  of  little  consequence  at  the  present  time,  as  long  as  it  is 
reasonably  certain  that  it  lies  in  this  neighborhood.  Should  it  be 
definitely  established  that  the  value  of  the  required  compensating 
current  imposes  a  limit  upon  the  Burrows  double  bar  and  yoke  method, 
beyond  which  the  errors  introduced  are  too  large,  a  new  method  will 
undoubtedly  be  developed  to  meet  this  exigency. 
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It  is  only  a  few  years  ago  that  a  permeability  of  6000  was  regarded 
as  exceptionally  high.  This  was  gradually  raised  to  8000  and  then 
Terry,*  in  1910,  obtained  a  value  of  11000  for  a  ring  of  electrolytic 
iron  as  deposited  and  annealed.  Gumlich,  in  1912,  also  obtained  this 
value  for  a  high  grade  low  silicon  alloy  in  the  form  of  sheets.  Last 
year  the  writer  published  19000  as  the  maximum  found  for  pure  iron 
melted  in  vacuo,  and  this  value  was  regarded  as  remarkable.  The 
step  from  19000  to  66500  indeed  seems  a  long  one,  but  intermediate 
steps  have  been  taken  in  the  meantime  in  the  laboratory.  The  values 
for  the  hysteresis  loss  have  followed  in  a  similar  path,  as  seen  from 
Table  11. 

Table  11. 

Progress  Made  in  Recent  Years. 


Coercive  Force 

Hysteresis  Loss 

Year 

Investigator 

Kind  of 

Material 

used 

Maximum 
Perme- 
ability 

gilberts 

per  cm. 

ergs  per  cc  per  cycle 

for 

Bmax  = 

for 

Bmax  = 

for 

Bmax  — 

for 

Bmax  ~ 

1000 

15000 

10000 

15000 

1900 

Hadfleld 

SW.  Char. 
Iron 

4000 

0.920 

1.00 

abt.  2700 

abt.  5500 

1900 

Hadfield 

2  y2  % 

Si-Iron 

5100 

0.72 

0.79 

"     2200 

"    4700 

1901 

Gumlich 
&  Schmidt 

Wrought 
Iron 

8350 

0.60 

1903 

Baker 

4.9  %    Si-Iron 

1.20 

"    6200 

1910 

Terry 

Electrolytic 
Iron 

11000 

1912 

Gumlich 
&  Goerens 

0.4%   Si. 
Sheets 

11600 

0.54 

1912 

Gumlich 
&  Goerens 

4.C%    Si. 
Sheets 

9400 

1912 

Paglianti 

1.75%  Si- 
Iron 

0.60 

0.75 

1650 

"     3500 

1914 

Yensen 

Pure  Vacuum 
Iron 

19000 

0.29 

813 

1640 

1915 

Yensen 

0.15%  Si.    " 
Iron 

66500 

0.09 

0.16 

286 

916 

1915 

Yensen 

3.40%  Si.    " 
Iron 

63300 

0.08 

0.15 

280 

1025 

*Phys.  Rev.  Vol.  30,  p.   133,   1910. 
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Fig.  19  illustrates  the  difference  in  magnetic  quality  between  a 
silicon-vacuum-iron  and  a  commercial  silicon  steel,  both  containing 
approximately  the  same  amount  of  silicon.  The  maximum  perme- 
ability is  as  20  to  1,  the  hysteresis  loss  for  Bmax  =  10000  as  10  to  1,  and 
for  Bmax  =  15000  as  3  to  1  in  favor  of  the  vacuum  alloy.  For  B  = 
15000  the  permeability  of  the  latter  is  twice  the  permeability  of  the 
commercial  iron.  The  electrical  resistance  is  nearly  the  same  for 
both  alloys,  or  about  5  times  that  of  pure  iron. 
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Fig.  20  shows  to  a  large  scale  the  difference  between  a  high  and  a 
low  silicon-vacuum-iron,  having  about  the  same  hysteresis  loss.  The 
characteristics  of^  the  low  silicon  alloy  are  seen  to  be :  very  high  re- 
tentivity  and  high  permeability  for  medium  and  high  densities,  while 
the  high  silicon  alloys  have  a  low  retentivity,  and  the  maximum  per- 
meability occuring  at  a  low  density.  The  chief  advantage  of  the  high 
silicon  alloy  lies  in  the  high  electrical  resistance  amounting  to  more 
than  5  times  that  of  the  low  silicon  alloy. 

An  attempt  was  made  to  obtain  a  few  more  points  for  the  high 
silicon  alloys,  and  two  alloys,  Nos.  3Si36  and  3Si37  were  melted  and 
testpieces  prepared.  Unfortunately,  however,  these  rods  were  an- 
nealed first  at  900°  and  then  at  1100°,  in  company  with  three  rods 
made  from  impure  iron  and  were  evidently  contaminated  by  them. 
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This  was  discovered  by  the  behavior  of  rod  No.  3Sil7  that  had  pre- 
viously been  annealed  at  900°  under  normal  conditions.  After  anneal- 
ing at  1100°  in  company  with  the  contaminated  rods,  its  magnetic 
quality  was  Badly  impaired,  while  the  five  other  rods  all  had  improved. 
As  a  matter  of  fact,  it  was  the  first  occurence  of  a  rod  depreciating 
during  the  1100°  annealing,  and  the  only  cause  that  could  be  found 
was  contamination  by  the  impure  rods.  One  rod  being  thus  affected 
it  seemed  natural  to  conclude  that  Nos.  3Si36  and  3Si37  were  simi- 
larly affected.*  The  results  for  these  two  alloys  are  shown  in  the 
tables,  but  the  values  have  not  been  plotted  in  the  figures,  although 
the  points  would  have  deviated  but  little  from  the  curves.  Another 
reason  for  not  plotting  these  values  is  that  the  1100°  annealing  was 
done  in  an  atmosphere  of  nitrogen.  While  the  nitrogen  did  not  seem 
to  act  differently  from  the  vacuum,  the  method  has  not  been  tested 
sufficiently  to  warrant  including  the  results  thus  obtained  without 
question.  However,  these  results,  although  not  wholly  satisfactory, 
serve  as  a  check  upon  the  results  previously  obtained. t 

18.  Photomicrographs. — In  the  following  pages  a  large  number  of 
photomicrographs  are  reproduced  representative  of  the  alloys  tested. 
They  are  arranged  in  order  of  their  silicon  content,  the  pure  iron 
appearing  first  and  the  highest  silicon  alloy  last.  With  only  a  few 
exceptions  the  "As  forged"  condition  occupies  the  upper  part  of  the 
pages,  the  900°  annealed  condition  the  middle  part,  and  the  1100° 
annealed  condition  occupies  the  lower  part.  The  magnifications  used 
are  either  40  diameters  or  10  diameters.  In  one  case  recourse  was 
had  to  7  diameters.  For  the  high  silicon  alloys  both  the  40  and  the 
10  diameter  magnifications  are  shown  in  most  cases.  The  lower  mag- 
nifications give  a  general  view  of  the  structures,  as  they  cover  about 
y$  of  the  surface  of  the  specimens,  while  the  higher  magnifications  give 
more  detail.  Even  with  the  information  thus  at  hand  perfectly  defi- 
nite conclusions  can  not  be  made  with  regard  to  each  alloy  taken 
separately,  as  the  specimen  may  not  in  every  case  be  strictly  repre- 
sentative of  the  particular  alloy  from  which  it  was  taken.  Further- 
more, in  comparing  the  photomicrographs  after  the  different  heat 
treatments,  it  should  be  remembered,  that  the  specimens  had  to  be 
repolished  after  each  treatment,  and  the  photomicrographs  do  not, 
therefore,  represent  the  same  spot  in  each  case.  However,  general 
conclusions  can  be  drawn  by  considering  the  series  as  a  whole. 

*That  such  contamination  takes  place  during  annealing  was  shown  in  Bulletin  No. 
72,  in  the  case  of  five  rods  that  were  annealed  in  company  with  a  rod  that  contained 
0.18  per  cent  carbon. 

fin  the  tests  comparing  the  Burrows  method  and  the  ring  method  a  rod  was  ob- 
tained, containing  3  per  cent  silicon,  that  according  to  the  Burrows  method  of  testing 
has  a  maximum  permeability  of  72000.      (For  details  see  Appendix.) 
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From  these  photomicrographs  it  is  seen  very  clearly  that  the  iron- 
silicon  alloys,  in  the  range  here  investigated,  consist  of  only  one  kind 
of  crystals,  thus  confirming  the  results  obtained  by  previous  investi- 
gators that  iron  and  silicon,  for  silicon  contents  below  about  15  per 
cent,  form  a  solid  solution  everywhere  between  the  freezing  point  and 
ordinary  temperature. 

Below  1  per  cent  silicon  appears  to  have  no  marked  effect  upon 
the  structure  of  the  iron,  either  as  forged  or  annealed.  Annealing  at 
900° C  does  not  seem  to  change  the  structure  of  the  alloys  in  this  range, 
but  annealing  at  1100°  produces  numerous  small  crystals  inside  the 
larger  ones,  giving  an  appearance  of  a  very  fine  structure.* 

There  is  no  sign  of  foreign  substances  in  these  structures,  other 
than  those  arising  from  imperfect  polishing.  After  passing  the  1  per 
cent  mark  silicon  begins  to  show  its  effect.  The  crystals  are  generally 
larger  than  for  the  pure  iron,  and  are  readily  polished  in  relief,  show- 
ing that  they  are  not  of  uniform  hardness.  There  is  no  breaking  up 
of  the  crystals  by  the  1100°  annealing  as  in  the  case  of  the  low  alloys. 
The  1.71  per  cent  and  the  2.73  per  cent  alloys,  as  seen  in  Figs.  29 
and  31,  show  very  irregular  structures  as  forged,  and  after  the  900° 
annealing,  but  these  give  way  to  structures  of  more  regularity  by  the 
1100°  annealing.  In  the  region  between  the  last  two  alloys  is  found 
the  nonforgeable  alloys,  Nos.  3Sil9  and  3Si24,  containing  2.55  to  2.57 
per  cent  silicon  respectively.  The  structure  of  these  alloys  is  shown 
in  Fig.  30,  exhibiting  very  large,  uniform  crystals,  measuring  Vs" 
(3  mm.)  to  V4"  (6  mm.)  across.  In  the  first  specimen  used  for  the 
3.40  per  cent  alloy  the  crystals  are  of  about  the  same  size  and  shape 
as  the  ones  for  the  nonforgeable  alloys,  as  seen  in  Fig.  35.  In  order 
to  investigate  this  singularity  further,  another  specimen  from  the 
same  alloy  was  prepared,  and  this  showed  a  much  more  normal  struc- 
ture (Fig.  32).  Specimens  were  also  investigated  for  two  other  alloys 
with  very  nearly  the  same  silicon  content,  and  these  also  showed 
structures  that  were  quite  normal,  (Figs.  33  and  34)  so  that  the 
large  crystals,   shown  in  Fig.  35,   are  evidently  freaks,   caused  by 

*This  phenomenon  is  explained  by  Stead  and  Carpenter,  Journ.  Iron  &  Steel  Inst. 
Sept.,  1913,  as  follows:  Upon  heating  the  iron  above  the  Ac3  point  (900°  C  for  pure 
iron)  and  holding  it  in  the  region  of  the  gamma  modification  sufficiently  long,  both  the 
alpha  crystals  and  their  nuclei  will  be  destroyed,  giving  place  to  gamma  crystals.  _  If 
now  the  iron  is  cooled,  numerous  alpha  nuclei  will  be  formed  simultaneously  on  passing 
through  Ar3  and  the  resulting  crystals  are  consequently  small. 

See  also  Storey:  AM.  Electroclem  Soc.  Apr.  18,  1914. 
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peculiar  conditions.  It  may  be  that  the  specimen  was  taken  at  one 
end  of  the  forged  rod.  Nevertheless,  the  occurence  of  these  enormous 
crystals  is  very  interesting,  not  only  on  account  of  the  enormous  size, 
luit  also  because  it  shows  that  the  size  of  the  crystals  in  and  of  itself 
does  not  prevent  the  material  from  being  forgcable.  The  remainder 
of  the  photomicrographs  exhibit  quite  normal  structures  with  no 
marked  change  caused  by  the  two  heat  treatments. 

The  principle  difference  between  these  photomicrographs  and  the 
ones  published  by  previous  investigators  is  the  absence  of  foreign 
matter  in  the  structure  of  the  vacuum  alloys.  Even  Baker,  whose 
alloys  contained  only  0.04  per  cent  carbon,  shows  in  his  photomicro- 
graphs besides  small  amounts  of  pearlite  or  graphite,  some  other  for- 
eign substance  that  could  not  be  explained  at  the  time.  It  seems 
probable,  in  view  of  what  has  been  said  earlier  in  this  report  re- 
garding the  method  used  for  melting  and  the  mechanical  properties 
of  his  alloys,  that  these  other  foreign  substances  may  be  oxides.  The 
other  investigators  invariably  show  comparatively  large  amounts  of 
pearlite  for  low  alloys  and  patches  or  spots  of  graphite  for  high  alloys. 
The  size  of  crystals  for  the  vacuum  alloys,  excluding  the  abnormal 
cases,  is  very  much  larger  than  for  the  less  pure  alloys.  This  is  true 
both  for  low  and  high  silicon  contents. 
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As   Forged. 


Fig.  22a.     40  Diam.  Piceic  Acid. 


Annealed  at  900°  C. 


Fig.  21b.     40  Diam.  Picric  Acid. 


y:-a^ 


Fig.  22b.     40  Diam.  Picric  Acid. 


mm  ■. 


-v 


Annealed  at   1100°  C. 

Fig.  21c.     40  Diam.  Picric  Acid.  Fig.  22c.     40  Diam.  Picric  Acid. 

Alloy  No.  3-39.    0.001%  Si.  Alloy  No.  3—54.    0.001%  Si. 
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As  Forged. 


.-■  _      ■ 

■  i      . 

Fig.  24a.     40  Diam.  Picric  Acid. 


m 


^iNgf 


Annealed  at   900°  C. 

Fig.  23b.    40  Diam.  Picric  Acid.  Fig.  24b.     40  Diam.  Picric  Acid. 


Fig.  23c.     40  Diam.  Picric  Acid. 
&lloy  No.  3Si05.    0.068%  Si. 


Annealed  at   1100°  C. 

Fig.  24c.     40  Diam.  Picric  Acid. 


Alloy  No.  3Si06.    0.148%  Si. 
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a? 


As   Forged. 


Fig.  26a.     40  Diam.  Picric  Acid. 


Annealed  at  900°  C. 

Fig.  25b.     40  Diam.  Picric  Acid.  Fig.  26b.     40  Diam.  Picric  Acid. 


Annealed  at   1100°  C. 
Fig.  25c.     40  Diam.  Picric  Acid.  Fig.  26e.     40  Diam.  Picric  Acid. 

&lloy  No.  3Si08.    0.309%  Si.  Alloy  No.  3Si10.     0.472%  Si. 
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Annealed  at   900°  C. 
Fig.  27b.     40  Diam.  Picric  Acid.  Fig.  28b.     40  Diam.  Picric  Acid. 


Annealed  at   1100°  C. 
Fig.  27c.     40  Diam.  Picric  Acid.  Fig.  28c.     40  Diam.  Picric  Acid. 


Alloy  No.  3Si12.    0.673%  Si.  Alloy  No.  3Si14..  0.822%  Si. 
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Fig.  29a.     10  Diam.  Picric  Acid. 


As  Forged. 


Annealed  at   900°  C. 
Fig.  29bj.     10  Diam.  Picric  Acid.  Fig.  29b2.     40  Diam.  Picric  Acid. 
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Annealed  at   1100°  C. 
Fig.  29c,.     10  Diam.  Picric  Acid.  Fig.  29e„.     40  Diam.  Picric  Acid. 

Alloy  No.  3Si31.     1.71%  Si. 
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As  cut  from  Ingot  before  Forgin- 

Fig.  30a,.     10  Diam.  Picric  Acid. 


Annealed  at  900°  C 

Fig.  30b.     10  Diam.  Picric  Acid. 


Annealed  at   1100°    C 

Fig.  30c.     10  Diam.  PiCriC  Acid. 


Ingot  after  Forging 

*ig.  30a2.     Nearly   Full   Size. 


The  Non-forgeable  Alloy  No.  3Si24.    2.57%  Si. 
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As  Forged. 


Fig.  31a.     10  Diam.  Picric  Acid. 


'  m 


Annealed  at   900°  C. 


Fig.  31b,.     10  Diam.  Picric  Acid. 


Fig.  31b,.     40  Diam.  Picric  Acid. 


Annealed  at   1100°  C. 

Fig.  31d.     10  Diam.  Picric  Acid.  Fig.  31c2.     40  Diam.  Picric  Acid. 


Alloy  No.  3Si27.     2.73%  Si. 


v,:xs,x_,,RO,,KRTIKS  op  irox.silicox 


Of 


Fig.  32.     40  Diam.  Nitric  Acid  „  As  For*ed- 

Alloy  No.  3Si25  (Spec.  1)  3.40%  Sl.  ^    W  DlAM-  Picr^Acid. 


t         !•)}  U 


As  Forged. 
Fig.  33.     40  Diam.    Nitric  Acid 
Alloy  No.  3Si20.     3.58%  Si. 


Annealed  at   900°  C. 

Fig.  35b.     10  Diam.  Picric  Acid. 


As  Forged. 
Fig.  34.     40  Diam.    Nitric  Acid.  Fjc    ^"T*  "  110°°  C" 

A-ov  No.  3Sl36.     ,55%  S,  .W  No.  l£5  ^7^*, 
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Annealed  at  900°  C. 

Fig.  361^.     10  Diam.  Picric  Acid.  Fig.  36b2.     40  Diam.  Picric  Acid. 


Annealed  at   1100°  C. 

Fig.  36cj.     10  Diam.  Picric  Acid.  Fig.  36c2.     40  Diam.  Picric  Acid. 


Alloy  No.  3Si28.     4.44%  Si. 


FENSEN — PROPERTIES   OF   IRON-SILICOX    ALLOYS 


59 


As  Forged. 


Fig.  37a.     40  Diam.   Picric  Acid. 


\ 


Annealed  at   900°  C. 

Fig.  37b.     40  Diam.   Picric  Acid. 


Annealed  at   1100°  C. 

Fig.  37cj.     10  Diam.  Picric  Acid.  Fig.  37c2.     40  Diam.  Picric  Acid. 

Washed  with  10%   HF    Sol.  Washed  with  10%   HF    Sol. 


Alloy  No.  3Si29.     4.92%  Si. 
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As  Forged. 


Fig.  38a.     40  Diam.  Picric  Acid. 


*»  ** 


Annealed  at  900°  C. 


Fig.  38b2.     40  Diam.  Picric  Acid. 
Slightly  repolished. 


Fig.  38b,.     10  Diam.  Picric  Acid. 
Slightly  repolished. 

■    ] 

I 


Annealed  at   1100°  C. 

Fig.  38c,.     10  Diam.  Picric  Acid.  Fig.  38c.    40  Diam.  Picric  Acid. 

Washed  in  10%  HF   Sol.  Washed  with  10%  HF    Sol. 

Alloy  No.  3Si32.     6.57%  Si. 
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The  Non-forgeable  Alloy  3Si30.     8.55%  Si. 
Fig.  39.     Nearly  Full  Size. 


V.     Summary  and  Conclusions. 

The  results  recorded  in  the  previous  pages  may  be  summarized  as 
follows : 

(a).  By  means  of  the  vacuum  method  of  melting  it  is  possible  to 
obtain  a  decidedly  purer  product  than  has  thus  far  been  obtained  in 
any  other  manner.  Consequently  by  the  use  of  this  method  more 
definite  conclusions  can  be  drawn  with  regard  to  the  effect  of  silicon 
upon  iron,  than  has  hitherto  been  possible. 

(b).  Silicon,  like  boron,  has  a  double  effect  upon  iron.  Part  of  it 
combines  with  the  iron  and  remains  in  solid  solution  throughout  the 
cooling  of  the  alloy,  while  a  smaller  part  reduces  the  iron  oxide 
present. 

(c).  The  tensile  strength  of  the  vacuum  product  follows  in  general 
the  same  law  as  alloys  made  under  ordinary  conditions,  but  the  duc- 
tility of  the  former  is  much  greater,  particularly  below  2  per  cent  and 
above  3  per  cent,  probably  due  to  the  absence  of  carbon.  The  maxi- 
mum tensile  strength  of  105000  pounds  per  square  inch  occurs  with 
a  silicon  content  of  4.5  per  cent. 

(d).  The  limit  of  forgeability  lies  between  7  and  8  per  cent  silicon. 
A  critical  range  occurs  between  2.55  and  2.60  per  cent,  in  which  the 
alloys  are  exceedingly  brittle,  in  some  cases  being  not  even  forgeable. 

(e).  With  regard  to  the  magnetic  properties  the  vacuum  alloys  ex- 
hibit most  remarkable  characteristics.  The  best  alloys  are  obtained 
with  about  0.15  per  cent  and  3.40  per  cent  silicon  after  annealing  at 
1100°C.  The  maximum  permeability  for  both  of  these  alloys  is  above 
50,000,  and  the  hysteresis  loss  for  Braax  =  10,000  and  15,000  is  about 
300  and  1000  ergs  per  cu.  cm.  per  cycle  respectively.     This  hysteresis 
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loss  is  Vs  and  Vs  of  the  corresponding  loss  for  commercial  silicon  steel. 
The  most  favorable  annealing  temperature  is  in  every  case  1100CC. 

(f).  The  specific  electrical  resistance  increases  about  13  microhms 
for  the  first  per  cent  silicon  added.  For  each  additional  per  cent 
added  the  increase  is  about  11  microhms.  Consequently,  the  3.40  per 
cent  alloy  mentioned  under  5  has  a  resistance  nearly  5  times  that  of 
the  0.15  per  cent  alloy. 

By  the  vacuum  process  two  silicon  alloys  have  thus  been  produced 
that  have  very  valuable  characteristics ;  one,  low  in  silicon,  not  very 
strong,  but  extremely  ductile,  of  high  permeability,  low  hysteresis 
loss,  and  of  low  electrical  resistance ;  the  other  high  in  silicon,  very 
strong,  moderately  tough,  of  high  permeability,  low  hysteresis  loss  and 
of  high  electrical  resistance.  The  properties  of  these  two  alloys  are 
summarized  in  Table  12.  The  first  is  evidently  suitable  for  use  in 
places  where  high  permeability  and  low  hysteresis  loss  are  the  chief 
requirements,  while  the  second  alloy  is  suitable  for  electromagnetic 
machinery,  principally  transformers,  where  a  low  eddy  current  loss  is 

Table  12. 
Properties  of  the  Two  Best  Iron-Silicon  Vacuum  Alloys. 


Silicon 
Con- 
tent 
% 

Stress 

at 
Yield 
Point 

lb. 

per 

sq. 

in. 

Ulti- 
mate 
Strength 
lb. 
per 
sq. 
in. 

Elong- 
ation 

% 

Reduc- 
tion 
of 
Area 
% 

Maxi- 
mum 
Perme- 
ability 

Density 
for 
Max. 
Perme- 
ability 

Hysteresi 
ergs  per  c 

f.,r 

Bmax  = 

10000 

s  Loss  ergs 
c.  per  cycle 

for 
Bmas  = 

15000 

Spec. 
Elect. 
Resis- 
tance 
mic- 
rohms 

0.15    1     18500  1    37000    ,56              90         1     66500    1      6500     |       286 
3.40    1     58000  1    76500    1        21        1       28.5     1     63300    1      6500     1       280 

916      1    11.80 
1025      1    48.50 

an  additional  requirement.  The  mechanical  properties  of  the  second 
alloy  makes  possible  its  use  also  in  dynamo  machinery,  where  the 
present  commercial  silicon  steel  can  not  be  used  on  account  of  its 
brittleness. 

It  should  be  pointed  out,  that  electrolytic  iron  is  not  essential  to 
the  attainment  of  high  magnetic  quality.  Any  low  carbon  iron  that 
is  practically  free  from  phosphorus,  sulphur  and  manganese,  when 
melted  in  vacuo,  will  give  magnetic  properties  approaching  very 
closely  to  those  obtainable  with  electrolytic  iron.  There  are  a  number 
of  commercial  grades  of  iron  coming  within  these  specifications,  that 
are  obtainable  at  the  present  time. 

The  writer  fully  realizes  the  difficulties  that  have  to  be  overcome, 
before  the  vacuum  iron  can  be  used  in  the  industries  in  competition 
with  the  materials  available  at  the  present  time.  Suggestions  have, 
nevertheless,  already  come  from  several  sources  for  its  employment  in 
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places,  where  its  high  cost  of  production  is  not  of  vital  importance, 
and  there  is  no  doubt  but  that  its  usefulness  in  limited  fields  will  in- 
crease as  time  goes  on.  However,  the  writer  would  like  to  suggest 
that  the  results  here  given  be  partly  considered  as  a  new  indication 
of  the  possibilities  obtainable  in  the  realm  of  magnetic  properties, 
rather  than  as  the  final  word  regarding  certain  properties  of  iron- 
silicon  alloys,  that  can  be  turned  into  commercial  use  at  the  present 
time. 

VII.     Appendix. 

Results  obtained  with  Ring  Specimens. 

In  view  of  the  unprecedented  results  obtained  with  regard  to  the 
magnetic  properties  of  the  alloys  described  in  this  bulletin,  it  was 
deemed  desirable  to  test  a  few  alloys  in  the  form  of  rings.  As  the 
ring  method  is  the  old  established  method  of  magnetic  testing,  and  as 
this  method  requires  no  compensating  or  other  auxiliary  windings  to 
cause  uncertainties,  the  evidence  obtained  with  such  testpieces  would 
naturally  be  more  convincing  than  results  obtained  by  any  other 
method.  On  the  other  hand,  it  has  been  shown  by  Richter*  and 
Lloyd f  that  the  magnetic  induction  in  a  ring  specimen  is  not  uni- 
formly distributed,  but  that  it  is  crowded  towards  the  inside  of  the 
ring.  The  variation  is  greatest  near  the  steepest  part  of  the  mag- 
netization curve,  where  the  maximum  permeability  occurs,  and  may 
here  amount  to  as  much  as  100  per  cent  for  high  permeability  mate- 
rial. Consequently  it  is  impossible  with  ring  specimens  to  measure 
the  maximum  permeability,  and  this  should  be  borne  in  mind  when 
comparing  the  results  obtained  by  the  two  methods. 

The  dimensions  of  the  rings  used  are  shown  in  Fig.  40. 


Fig.  40.     King  Specimen. 


*Electrotech.  Zetischr.  Vol.  24,  p.   710;     1903. 

fBull.   Bureau   of    Standards,   Vol.    5,   No.   3,    Reprint   No.    108,    190S 
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With  these  dimensions  the  true  magnetizing  force,  as  shown  by 
Lloyd  and  Riehter  is 

2NI 

H0  =  1.0009 

10Ro 

Where  R0  ==  mean  radius  =  2.0  em. 

N  =  total  number  of  turns  =  100 

I  =  magnetizing  current  in  amperes 

Hence  by  using  H0  =  10  I 

the  error  introduced  is  less  than  0.1  per  cent. 

The  secondary  winding  consisted  of  100  turns  of  No.  30  B  &  S 
wire  wound  next  to  the  ring  and  connected  directly  to  the  Grassot 
fluxmeter.    With  this  arrangement 
A  B  =  400  D 
where  A  B  =  change  of  average  flux  density  in  ring  in  gausses 
D  =  deflection  of  fluxmeter. 

Three  rings  were  prepared  all  containing  approximately  3  per  cent 
silicon.  From  No.  3Si39,  one  ring  was  machined  directly  out  of  the 
ingot  as  it  came  from  the  melting  furnace,  while  another  was  made 
from  the  remainder  of  the  ingot  after  forging  it.  The  latter  was  im- 
perfect, however,  and  was  discarded.  The  third  ring  was  made  from 
No.  3Si40  after  forging  the  ingot,  and  the  remainder  of  the  latter 
was  then  forged  into  a  rod  to  be  tested  by  the  Burrows  method. 

The  specimens  were  first  tested  in  the  original  state,  unannealed. 
The  windings  were  then  removed  and  the  rings  and  the  rod  placed 
in  the  annealing  furnace  and  annealed  in  vacuo,  the  rod  occupying 
the  space  along  the  axis  of  the  tube.  The  maximum  temperature  to 
which  the  rod  was  subjected  was  1100°  C,  but  the  rings  were  heated 
to  a  somewhat  higher  temperature  as  they  occupied  a  space  nearer 
the  heating  element,  their  axes  coinciding  with  that  of  the  rod.  The 
specimens  were  cooled  at  the  standard  rate,  namely  30°  C  per  hour. 

The  results  are  shown  in  Table  13.  In  this  table  is  included  the 
results  for  rod  No.  3Si25  from  the  main  part  of  the  investigation. 

With  regard  to  permeability  the  results  show  that  in  the  unan- 
nealed state  the  two  methods  of  testing  agree  very  well.  In  the  an- 
nealed state,  however,  the  maximum  permeability  obtained  for  3Si40 
by  the  Burrows  method  is  twice  that  obtained  by  the  ring  method. 
The  latter  method,  however,  as  has  been  stated  above,  does  not  measure 
the  maximum  permeability,  on  account  of  the  nonuniformity  of  the 
flux  distribution,  and  in  view  of  the  results  shown  in  Table  5,  it  is 
probable  that  the  Burrows  method  gives  too  high  a  maximum  perme- 


YENSEN — PROPERTIES   OF   IRON-SILICON   ALLOYS  65 

ability.  Making  allowance  for  possible  differences  due  to  material 
and  heat  treatment,  as  well  as  mechanical  treatment,  it  seems  proba- 
ble from  these  results  that  the  true  maximum  permeability  is  in  the 
neighborhood  of  50,000.  That  the  permeability  for  B  =  15,000  is  so 
low  for  the  ring  specimens  must  be  due  to  the  fact  that  the  rings 
were  annealed  at  a  higher  temperature  than  was  the  rod.  It  was 
shown  in  Figs.  17  and  18,  that  with  a  silicon  content  of  3  per  cent 
for  H  =  20  the  flux  density  after  annealing  at  900°  was  16,000,  while 
after  annealing  at  1100°  it  was  only  15,600.  A  corresponding  decrease 
in  this  region  may  consequently  be  expected  also  for  higher  annealing 
temperatures.  This  point  is  further  borne  out  by  the  results  obtained 
with  the  ring  made  from  the  ingot  3Si39  without  forging.  This  ring 
may  be  considered  as  having  been  annealed  at  the  melting  point  of 
the  alloy.  Its  permeability  at  B  =  15,000  is  only  583  as  compared 
with  962  for  the  ring  made  from  3Si40  after  forging. 

Turning  now  to  the  hysteresis  loss  it  is  found  that  in  the  unan- 
nealed  state  the  loss  in  ring  No.  3Si40  is  less  than  half  the  loss  in  the 
rod.  As  the  two  methods  are  known  to  be  equally  reliable  in  this 
case  the  difference  must  be  attributed  to  the  fact  that  the  rod  was 
forged  much  more  than  was  the  ring.  That  this  is  the  cause  becomes 
evident  from  the  result  obtained  for  ring  No.  3Si39  that  was  not 
forged  at  all,  as  this  shows  a  decidedly  lower  hysteresis  loss  even  than 
ring  No.  3Si40.  After  annealing,  the  loss  for  B  =  10,000  is  found 
to  be  less  for  the  rod  than  for  the  ring,  while  for  B  =  15,000  the  re- 
verse is  the  case.  The  coercive  force  for  B  =  15,000  is  60  per  cent 
larger  for  the  rod  than  for  the  ring,  while  the  retentivity  is  also  lower 
for  the  ring. 

These  results  seem  to  point  towards  the  following  conclusions :  For 
such  high  quality  material  as  that  described  in  this  bulletin  the  Bur- 
rows method  gives  too  high  maximum  permeability  and  too  high  re- 
tentivity. For  low  densities  the  hysteresis  loss  obtained  is  low,  while 
for  medium  and  high  densities  the  coercive  force  and  consequently 
also  the  hysteresis  loss  is  too  high. 

While  these  rings  were  prepared  for  the  purpose  of  verifying  the 
results  given  in  the  main  part  of  the  bulletin,  the  results  can  not  be 
dismissed  without  calling  especial  attention  to  the  results  obtained 
with  the  ring  made  from  the  ingot  No.  3Si39  without  forging.  Un- 
annealed  this  ring  has  a  retentivity  of  only  1000  and  the  hysteresis 
loss  for  B  =  15,000  is  only  1130  ergs  per  cc  per  cycle,  not  much  above 
the  value  found  for  the  best  rod  after  annealing  at  1100°  C.    After 
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annealing  the  ring  at  1100°  the  hysteresis  loss  for  B  =  15,000  drops 
to  577  ergs.  This  value  is  less  than  %  of  the  corresponding  value  for 
the  commercial  4  per  cent  silicon  steel.  The  low  hysteresis  loss  for 
this  ring  shows  the  advantage,  as  far  as  this  characteristic  is  con- 
cerned, of  annealing  at  as  high  a  temperature  as  possible,  as  this  ring 
may  be  considered  as  having  been  annealed  at  the  melting  point  of 
the  alloy.  On  the  other  hand,  the  results  also  show  that  the  perme- 
ability for  high  magnetizing  forces  decreases  with  increasing  annealing 
temperatures.  That  this  is  the  case  for  temperatures  between  900° 
and  1100°  C  has  previously  been  established.  That  it  is  equally  true 
for  temperatures  above  1100°  C  is  now  indicated  by  the  results  ob- 
tained for  this  ring. 
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TESTS  OF  REINFORCED  CONCRETE  FLAT  SLAB 
STRUCTURES 

I.    Introduction. 

1.  Purpose  and  Scope. — It  is  the  purpose  of  this  bulletin  to 
present  the  results  of  certain  tests  made  on  four  reinforced  concrete 
buildings  and  one  reinforced  concrete  test  structure.  These  tests  were 
made  with  a  view  of  getting  experimental  information  on  the  action  of 
the  concrete  and  the  reinforcing  bars  in  floor  slabs  of  the  flat  slab  type 
of  building  construction.  Data  were  obtained  also  on  the  bending 
action  of  the  supporting  columns.  Efforts  were  made  to  find  the 
distribution  of  stress  in  the  bands  of  reinforcement  both  laterally  and 
longitudinally,  and  that  of  the  compressive  stresses  in  the  concrete  on 
the  opposite  face  of  the  slab;  these  in  the  regions  of  both  the  negative 
bending  moment  and  of  the  positive  bending  moment. 

The  description  of  the  methods  used  in  making  the  test  is  limited  to 
those  features  which  are  different  from  the  methods  used  in  the  tests 
described  in  Bulletin  No.  64  of  the  University  of  Illinois  Engineering 
Experiment  Station,  "Tests  of  Reinforced  Concrete  Buildings  Under 
Load",  and  from  the  methods  described  in  a  paper  on  "The  Use  of  the 
Strain  Gage  in  the  Testing  of  Materials."* 

It  will  be  appreciated  that  the  circumstances  surrounding  the  floor 
test  of  a  building  are  unfavorable  to  securing  definite  and  uniform 
quantitative  results.  The  structure  is  not  homogeneous.  There  is  a 
distribution  of  the  resistance  afforded  by  the  structure  to  parts  beyond 
the  portion  which  is  loaded.  Effects  of  changes  in  temperature  are 
troublesome.  The  stresses  developed  in  the  steel  and  in  the  concrete 
are  small  and  there  is  considerable  variation  between  parts  which  are 
supposedly  similar  in  action.  The  conditions  under  which  the 
measurement  of  deformation  must  be  made  are  unfavorable  to  securing 
exactness.  The  location  and  presence  of  the  loading  material  also  add 
to  the  difficulties  of  the  work. 

It  will  be  seen  that  it  is  impracticable  to  obtain  complete  informa- 
tion or  to  formulate  conclusions  which  are  entirely  definite.  Only 
general  results  and  conclusions  of  a  qualitative  character  may  be 


•Proceedings  of  the   American   Society   for  Testing  Materials,  vol.  13,  p.  1019. 
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expected.  However,  it  is  believed  that  the  tests  herein  recorded  bring 
out  information  of  value  on  the  action  of  reinforced  concrete  flat  slabs 
and  of  the  supporting  columns.  Since  among  engineers  there  is  such 
a  marked  variation  of  opinion  concerning  the  action  of  the  flat  slab 
and  since  there  is  such  uncertainty  in  the  analysis  of  the  flat  slab,  it 
is  believed  that  the  information  given  will  be  regarded  as  adding  to  the 
general  knowledge  of  this  subject,  and  that  it  will  be  useful  in  con- 
sidering many  features  of  the  design  of  buildings  of  the  type  tested. 

2.  General  Statement  of  Tests. — The  tests  were  largely  cooperative 
work.  The  interests  of  engineers  and  contractors  in  learning  the 
properties  of  the  flat  slab  and  their  willingness  to  bear  expenses  of  the 
tests  made  the  test  work  possible.  In  two  cases  the  tests  were  made  by 
engineering  firms,  Mr.  Slater  being  connected  with  the  work,  and  the 
data  of  the  tests  were  placed  at  the  disposal  of  the  Engineering 
Experiment  Station.  Mr.  Slater  was  an  observer  in  all  of  the  tests. 
In  every  case  the  data  have  been  carefully  worked  over  in  the  office 
of  the  Engineering  Experiment  Station  and  the  results  discussed  and 
put  into  form.  In  the  long  work  of  studying  the  data,  many  incon- 
sistencies and  uncertainties  were  found,  and  the  presentation  of  many 
matters  on  which  it  was  hoped  that  the  tests  would  give  information 
had  to  be  abandoned  because  the  results  of  the  tests  were  indefinite  or 
inconclusive.  Results  from  wdiich  at  least  qualitative  conclusions  may 
be  drawn  have  been  recorded  in  the  bulletin. 

The  structures  tested  and  the  arrangements  for  the  tests  were  as 
follows : 

(a)  Shredded  Wheat  Factory,  Niagara  Falls,  N.  Y.  Flat  slab 
floor  with  two-way  reinforcement.  Designed  by  Corrugated  Bar 
Company,  Buffalo,  N.  Y.  Building  built  by  Braas  Bros.,  contractors, 
Niagara  Falls,  N.  Y.    Tested  by  Corrugated  Bar  Company. 

(b)  Soo  Line  Freight  Terminal,  Chicago,  111.  Flat  slab  floor  with 
four-way  reinforcement.  Designed  and  built  by  the  Leonard  Con- 
struction Company,  engineers  and  contractors,  Chicago.  Tested  by 
cooperation  between  Leonard  Construction  Company,  Central  Term- 
inal Railway  Company,  and  the  Engineering  Experiment  Station  of 
the  University  of  Illinois. 

(c)  Schulze  Baking  Company  Building,  Chicago,  111.  Flat  slab 
floor  with  four-way  reinforcement.  Designed  by  Lieberman  and  Klein, 
engineers,  Chicago.  Built  by  McLennan  Construction  Company, 
contractors,  Chicago.  Tested  by  Mr.  Slater  for  American  System  of 
Reinforcing.  The  contractors  placed  and  removed  the  loading 
material. 
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(d)  Worcester  Slab  Test,  Worcester,  Mass.  A  sixteen-panel  slab 
having  four  different  designs  of  reinforcement.  Constructed  especially 
for  the  test.  Built  according  to  plans  prepared  by  B.  S.  Brown, 
consulting  engineer,  Boston.  Tested  by  cooperation  between 
Mr.  Brown,  Worcester  Polytechnic  Institute,  and  the  Engineering 
Experiment  Station  of  the  University  of  Illinois. 

(e)  Curtis-Leger  Company  Building,  Chicago,  111.  Flat  slab 
floor  having  four-way  reinforcement  at  interior  of  panel,  and  two-way 
reinforcement  in  region  of  columns. 

Designed  by  Barton  Spider  Web  System,  Chicago,  and  built  by  the 
Simpson  Construction  Company,  contractors,  Chicago.  Tested  by  the 
Engineering  Experiment  Station  of  the  University  of  Illinois  with  the 
assistance  of  the  engineers  and  contractors. 

Table  1  gives  general  data  concerning  the  tests. 

3.  Acknowledgment. — The  test  of  the  Shredded  Wheat  Factory 
Building  was  conducted  by  Mr.  F.  J.  Trelease,  Chief  of  the  Research 
Department  of  the  Corrugated  Bar  Company,  and  Mr.  Slater.  The 
Corrugated  Bar  Company  bore  the  expense  of  the  test.  Acknowledg- 
ment is  made  to  this  company  for  the  courtesy  in  permitting  the  use 
of  the  test  data. 

The  technical  part  of  making  the  test  of  the  Soo  Terminal 
Structure  was  done  as  the  work  of  the  Engineering  Experiment 
Station.  The  Leonard  Construction  Company  bore  the  expense  of  the 
preparation  for  the  test  and  of  matters  connected  with  the  application 
of  the  load.  Mr.  A.  R.  Lord,  consulting  engineer,  represented  the 
Leonard  Construction  Company  in  planning  and  carrying  out  the 
test.  The  Central  Terminal  Railway  Company  placed  the  track  for  the 
test,  and  applied  and  removed  the  test  load.  Mr.  Slater  was  in 
immediate  charge  of  the  preparations  for  the  test  and  of  its  conduct. 
The  following  observers  and  recorders  from  the  University  assisted  in 
the  test:  Messrs.  H.  F.  Moore,  D.  A.  Abrams,  N.  E.  Ensign,  H.  F. 
Gonnerman,H.  R.  Thomas,  G.  A.  Maney,  and  M.  Abe.  Messrs.  Meyer, 
0.  R.  Erickson,  C.  J.  Nelson,  and  0.  R.  Kellner  of  the  force  of  the 
Leonard  Construction  Company  also  assisted  in  the  test. 

The  floor  test  of  the  Schulze  Baking  Company  Building  was  con- 
ducted by  Mr.  Slater  for  the  American  System  of  Reinforcing, 
Chicago.  This  company,  and  the  contractors,  McLennan  Construction 
Company,  bore  the  expense  of  the  test.  Acknowledgment  is  made  to 
the  American  System  of  Reinforcing  for  permission  to  use  the  data  for 
publication. 
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The  Worcester  slab  test  structure  was  conceived  and  planned  by  Mr. 
B.  S.  Brown,  consulting  engineer,  of  Boston,  and  the  expense  of  carry- 
ing out  the  test  was  borne  principally  by  Mr.  Brown.  The  materials, 
labor,  and  supervision  of  the  construction  were  furnished  by  the  Allen- 
town  Portland  Cement  Company,  Boston,  Carnegie  Steel  Company, 
Boston,  Varnum  P.  Curtis  Gravel  Company,  Worcester,  Aberthaw 
Construction  Company,  Boston,  and  Mr.  Brown.  The  plans  for  the 
test  were  laid  out  by  Mr.  Brown,  Professor  French,  of  Worcester 
Polytechnic  Institute,  and  the  writers.  The  conduct  of  the  test  was 
directed  by  Mr.  Slater.  Professor  H.  F.  Moore  of  the  Engineering 
Experiment  Station  cooperated  in  the  work. 

The  expense  of  the  Curtis-Leger  Building  test  was  borne  by  F.  M. 
Barton,  engineer  and  architect,  Chicago,  and  the  Simpson  Construc- 
tion Company,  contractors,  Chicago.    Mr.  Slater  conducted  the  test. 

II.     The  Shredded  Wheat  Factory  Building  Test. 

4.  The  Building. — The  building  of  the  Shredded  Wheat  Company 
is  of  reinforced  concrete  construction  of  the  flat  slab  type,  three 
stories  in  height.  The  main  portion  of  the  building  is  265  ft.  4  in. 
long  and  81  ft.  wide.  The  panels  are  20  ft.  by  22  ft.  The  floor  is  the 
type  of  flat  slab  designated  by  the  trade  name,  Corr-Plate  Floor.  The 
floor  on  which  the  test  load  was  applied  is  the  first  floor  above  the 
basement.  This  floor  is  nominally  7  in.  thick  in  the  central  portion 
of  the  panel  and  9  in.  thick  throughout  an  area  8  ft.  6  in.  square  (the 
depressed  head)  surrounding  each  column.  It  was  designed  for  125 
lb.  per  sq.  ft.  live  load.  The  interior  columns  have  a  pyramidal  capital 
of  octagonal  form  42  in.  in  diameter  at  the  top  and  sloping  45°  with 
the  horizontal.  The  slab  has  two-way  reinforcement,  designed  to  resist 
negative  moment  at  all  points  across  the  edges  of  the  panels  and 
positive  moment  across  the  center  lines  of  the  panels.  Corrugated  bars 
were  used  for  reinforcement.  Fig.  1  and  2  show  the  distribution  of 
the  reinforcing  bars  in  the  test  floor  of  this  building.  Fig.  2  contains 
information  on  the  bending  and  supporting  of  bars  and  on  other 
details  of  the  slab.  Readings  with  an  engineer's  level  at  numerous 
positions  on  the  floor  gave  an  average  floor  thickness  of  9.13  in.  at 
the  columns  and  7.29  in.  midway  between  columns.  The  average 
measured  depths  from  the  compression  surface  of  the  concrete  to 
the  center  of  gravity  of  the  reinforcement  of  the  central  panel  of 
the  test  area  were  6.82  in.  and  4.95  in.  for  positions  of  negative 
mement  in  the  depressed  head  and  in  the  thinner  portions  of  the  slab 
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respectively,  and  6.16  in.  for  positions  of  positive  moment.  The  columns 
are  octagonal,  25  in.  in  short  diameter  for  the  basement  columns,  and 
22  in.  in  short  diameter  for  the  first  story. 

The  concrete  in  the  building  was  of  excellent  quality.  Gravel  was 
used  as  aggregate.  At  the  time  of  making  the  test  the  concrete  in 
the  floor  was  about  80  days  old.  Four  test  cylinders,  made  at  the  time 
of  pouring  the  test  floor,  gave  an  average  strength  of  about  3500  lb. 
per  sq.  in.  at  an  age  of  115  days  in  tests  made  at  the  University  of 
Illinois,  none  falling  below  3200  lb.  per  sq.  in. 
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Fig.  1.     Distribution  of  Reinforcement  for  Test  Floor  of  Shredded  Wheat 

Factory. 
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5.  Testing. — The  deformation  measurements  were  Uken  on  131 
gage  lines  on  the  reinforcement  and  151  gage  lines  on  the  concrete. 
Fig.  3  and  4  show  the  location  of  the  gage  lines,  and  Fig.  5  shows  the 
key  to  the  grouping  of  the  gage  lines  for  purposes  of  comparison. 
Deflection  readings  were  taken  at  33  points  (see  Fig.  6). 

The  loaded  area  is  shown  in  Fig.  6.  Gravel  was  used  as  the  loading 
material.  It  was  raised  by  means  of  a  concrete  hoist  to  the  second  floor 
and  there  deposited  into  the  hopper  of  a  concrete  chute.  Dy  moving 
the  chute  the  gravel  was  distributed  as  desired.  Fig.  7  shows  the  load 
in  position.  The  load  covered  the  entire  panel  areas  except  for  aisles 
2  ft.  wide  extending  from  column  to  column  and  boxes  about  3y2  ft. 
square  placed  at  the  center  of  each  panel.  These  areas  were  left 
uncovered  to  afford  access  to  the  gage  lines.  Each  increment  of  load 
was  leveled  carefully.  At  the  load  of  191  lb.  per  sq.  ft.,  in  order  to 
ascertain  the  total  weight  per  cubic  foot  of  gravel  as  compacted,  a  bot- 
tomless box  was  sunk  through  the  gravel  after  the  fashion  of  an  open 
caisson.  The  gravel  was  shoveled  out  from  the  inside  of  the  box, 
measured  and  weighed.  The  weight  per  cubic  foot  of  loose  gravel 
was  found  to  be  113  lb.  per  cubic  foot,  and  of  the  compacted  gravel, 
1341/2  lb.  per  cubic  foot.  As  only  79  per  cent  of  the  floor  area  was 
covered,  the  corresponding  average  load  per  square  foot  for  the  total 
test  area  was  IO6V2  lb.  per  ft.  of  height  of  compacted  gravel.  The  exact 
degree  of  compactness  of  the  gravel  at  all  times  was  not  known,  but 
it  is  thought  that  the  values  used  are  representative  of  the  test  load. 
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Fig.  2.    Bending  of  Bars  for  Test  Floor  of  Shredded  Wheat  Factory. 


16 


ILLINOIS  ENGINEERING   EXPERIMENT   STATION 


Nine  panels  were  first  loaded  (see  Fig.  6).  Strain  gage  observa- 
tions were  made  at  loads  of  56,  120,  and  191  lb.  per  sq.  ft.  The  191-lb. 
test  load  was  allowed  to  remain  in  position  two  and  *one-half  days. 
The  load  was  then  removed  from  the  three  wall  panels  and  from  the 
three  panels  farthest  from  the  wall,  leaving  three  panels  loaded  as 
shown  in  the  figure.  Strain  gage  observations  were  taken  with  this 
load  in  place.  Next,  the  two  outer  panels  of  the  three  were  unloaded 
and  the  load  on  the  center  panel  was  increased  to  213  lb.  per  sq.  ft. 


Fig.  3. 


L 1  I 

•-•    Ind. cores   Gage  Line  on  Reinforcement 
o-o    Indicates  Gage  Line  on  Concrete 

Location  op  Gage  Lines  on  Upper  Surface  of  Test  Floor  of  Shredded 
Wheat  Factory. 
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At  each  stage  of  the  test  the  load  was  allowed  to  remain  in  position  at 
least  12  hours  before  the  final  strain  gage  readings  were  taken.  In 
order  to  obtain  information  on  the  effect  of  time  on  deformation  under 
load,  readings  were  taken  at  the  191-lb.  load  immediately  after  com- 
pleting the  loading  operation  and  again  after  the  load  had  been  in 
place  about  60  hours. 

6.     Load-deformation  Diagrams. — The  load-deformation  diagrams 
have  been  plotted  in  Fig.  8  and  9,  the  grouping  being  such  as  to 


Fig.  4. 


•-•    Indicates   Gage  Line  on  Reinforcement 
»-o   Indicates  Gage  Line  on  Concrete 

Location  of  Gage  Lines  on  Under  Surface  of  Test  Floor  of  Shredded 
Wheat  Factory. 


18 


ILLINOIS  ENGINEERING  EXPERIMENT   STATION 


place  close  together  tlie  diagrams  for  gage  lines  located  in  similar 
positions  on  the  floor.  In  these  diagrams  the  values  from  the  zero 
load  to  the  first  point  plotted  for  the  load  of  191  lb.  per  sq.  ft.  are 
for  nine  panels  loaded  (test  area  No.  1,  Fig.  6).  The  second  point  at 
load  of  191  lb.  per  sq.  ft.  in  each  diagram  is  for  three  panels 
loaded  (test  area  No.  2).  The  point  corresponding  to  243  lb.  per  sq. 
ft.  is  for  the  final  one-panel  load  (test  area  No.  3).  The  number  of 
panels  loaded  at  various  stages  of  the  test  is  indicated  for  the  diagram 
marked  (1)  a,  Fig.  8.    This  is  typical  of  all  the  diagrams  in  Fig.  8 
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Fig.  5. 


Key  to  Grouping  of  Gage  Lines,-   Test  Floor  of  Shredded  Wheat 
Factory. 


and  9.  The  numbers  on  the  diagrams  correspond  to  the  gage  line 
numbers  given  in  Fig.  3  and  4.  The  grouping  of  the  diagrams  is 
indicated  by  the  numbers  which  correspond  to  those  given  in  the  "Key 
to  Grouping  of  Gage  Lines,"  (Fig.  5). 

In  some  cases  the  load-deformation  diagrams  give  peculiar  results ; 
however,  the  similarity  of  the  deformations  found  in  positions  remote 
from  each  other  but  similarly  situated  is  marked  and  tends  to  give 
confidence  in  the  results.  An  example  of  this  is  found  in  Groups  1,  2, 
and  3  in  which,  in  several  instances,  slight  tension  was  found  where 
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compression  would  be  expected.  It  is  quite  possible  that  these 
apparently  erratic  results  may  be  due  to  general  changes  in  tempera- 
ture in  the  concrete. 

Examination  of  these  diagrams  shows  that  in  all  but  a  small 
number  of  cases  the  removal  of  load  from  six  panels  caused  the  kind 
of  change  in  stress  which  would  be  expected  from  the  nature  of  the 
change  in  loading. 


|  Test  Area  No.  Z  , 
S  |  3  Panels.  Loaded 
:^-v:i    to  131  lb.persu_.ft. 


Test  Area  No.  3 
I  Panel  Loaded 
tp£43  IbpersQ.ft. 


Fig.  6.     Location  of  Deflection  Points  and  Plan  of  Load  Distribution  at 
Three  Successive  Stages  of  Test  of  Shredded  Wheat  Factory  Floor. 
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7.  Effect  on  Deformations  of  Standing  Under  Load. — With  191 
lb.  per  sq.  ft.  on  the  nine-panel  area,  strain  gage  readings  were  taken 
immediately  after  placing  the  load  in  position  and  again  after  it  had 
been  in  place  for  about  56  hours.  With  few  exceptions  there  was  a 
material  increase  in  the  deformation  during  this  time,  and  the  increase 
for  the  gage  lines  on  the  concrete  nearly  always  was  greater  than  for 
the  gage  lines  on  the  steel.  An  examination  of  66  gage  lines  indicates 
an  average  increase  in  unit-deformation  approximating  30  per  cent 
for  the  concrete  and  20  per  cent  for  the  steel  over  that  which  existed 


Fig.  7.     View  of  Test  Load  ix  Shredded  Wheat  Factory. 


just  after  the  load  was  applied.  There  was  no  apparent  systematic 
difference  in  the  amount  of  increase  between  positions  at  the  columns 
and  positions  near  centers  of  panels  and  none  between  gage  lines  at  the 
edge  of  the  loaded  area  and  those  in  the  interior  portions. 

With  the  load  of  243  lb.  per  sq.  ft.  on  one  panel  only,  the 
measurements  indicate  little  or  no  general  increase  in  deformation, 
but  most  of  the  gage  lines  on  which  these  observations  were  taken 
were  so  situated  that  they  were  affected  by  the  removal  of  load  from 
the  outer  panels,  and  it  seems  probable  that  the  recovery  may  have 
been  progressing  at  the  same  time  that  the  deformations  were  increas- 
ing due  to  standing  under  load. 
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Table  2. 
Effect  on  Unit-Deformation  of  Changes  in  Load  Distrd3ution. 

Plus  indicates  increase  and  minus  indicates  decrease  in  deformation 


Direc- 
tion of 
Measure- 
ment 

Average   Change    in   Unit-deforma 
tion  in  per  cent  of  Unit-deforma- 
tion before  Moving  Load 

Position   of   Gage   lines 

Change  from 
9  panels  to 

3  panels 
both  at  191 
lb.  per  sq.  ft. 

Change  from 

3  panels  at 

191  lb.  per 

sq.  ft.  to  1 

panel  at  243 

lb.  per  sq.  ft. 

Across  center  line  of  panel,   Section   F'— F' ; 
on   steel 

Across    center   line   of   panel,    Section   F-F ; 
on  steel 

Across   center  line  of  panel,   Section  F'— F' ; 
on  concrete 

Across   center  line   of   panel,    Section   F-F; 
on  concrete 

Across   edges  of  panel,   Sections   A'— A'   and 
B'— B' ;     on  steel 

Across    edges    of   panel.    Sections    A-A    and 
B— B  ;    on  steel 

Across   center  line   of   panel,    Section   E-E ; 
on   steel 

Across    center   line  of   panel,    Section   E— E ; 
on  concrete 

Across    edges    of    panel,    Sections    C— C   and 
D— D ;    on  steel 

E-W 

E-W 
E-W 
E-W 
E-W 
E-W 
N-S 
N-S 
N-S 

+  66 

+  56 

+  116 

—19 

—5 
—31 

— 22 

0 

—33 

+  32 
+  23 

— 5 

8.  Effect  of  Change  in  Number  of  Panels  Loaded. — Table  2  gives 
a  summary  of  the  results  of  an  examination  of  the  change  of  unit- 
deformation  caused  by  the  change  of  loading  from  nine  panels  to 
three  panels,  and  from  three  panels  to  one  panel  (see  also  Fig.  10 
and  11).  The  areas  occupied  by  these  loads  and  their  intensities  are 
indicated  as  test  areas  No.  1,  No.  2,  and  No.  3,  Fig.  6.  In  this  table 
increases  in  the  deformation  are  given  a  positive  sign  and  decreases 
are  given  a  negative  sign.  The  most  striking  features  of  this  table 
are  the  great  increases  in  deformation  in  gage  lines  which  cross  the 
north  and  south  center  line  of  the  panel  (section  F'-F')in  both  the  con- 
crete and  the  steel.  It  is  of  note  also  that,  in  the  three  instances  in 
this  table  in  which  changes  in  deformation  in  steel  and  concrete  on 
the  same  section  can  be  compared,  the  changes  in  concrete  are  much 
greater  than  those  in  the  steel. 

The  change  from  nine  panels  to  three  panels  caused  an  average 
increase  in  deformation  of  66  per  cent  in  gage  lines  which  cross  section 
F'-F'.    Taking  only  the  gage  lines  of  the  middle  panel  of  the  three,  the 
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average  increase  was  only  56  per  cent.  (See  Fig.  11).  The  greatest 
changes  of  all  were  in  gage  lines  179  and  195  both  of  which  lay  close 
to  and  parallel  with  construction  joints.    It  is  not  apparent  that  the 


300 


-4ooo3h-  Deformation    per    Unit  of    Length  *?T^f' 


■  Concrete 

Fig.  8.     Load-deformation  Diagrams  for  Gage  Lines  on  Upper  Surface  of  Test 
Floor  of  Shredded  Wheat  Factory. 
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proximity  of  the  construction  joint  should  influence  the  change  since 
the  gage  lines  do  not  cross  the  joint.  Gage  lines  176  and  177  (at  the 
edge  of  the  test  area)  showed  very  large  increases  also,  but  that  in  197 
was  below  the  average. 


c 


a 
a 


— 4ooo3[—  Deformation     per  Unit  of    Length         *  concr 


Concrete 

Fig.  9.— Load-deformation  Diagrams  for  Gage  Lines  on  Under  Surface  of 
Test  Floor  of  Shredded  Wheat  Factory. 
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With  few  exceptions  the  deformations  in  the  reinforcement  across 
the  edges  of  the  panel  (that  is,  across  sections  A- A  and  B-B)  decreased 
with  the  change  of  load  from  nine  panels  to  three  panels. 
These  exceptions  all  are  in  the  case  of  bars  which  pass  through  a 
column  or  over  a  column  capital.  In  all  cases  the  bars  which  cross  the 
panel  edge  at  points  intermediate  between  the  columns  lost  part  of 
their  stress  on  changing  the  load  from  nine  panels  to  three  panels. 
These  phenomena  would  indicate  that  if,  for  purposes  of  comparison, 
the  slab  were  to  be  conceived  of  as  a  double  system  of  strip  beams, 
the  strips  passing  through  the  columns  could  be  considered  as  fixed 
or  nearly  fixed  at  their  supports  while  those  passing  between  columns 
must  be  considered  to  have  appreciably  less  end  restraint.  The 
average  for  all  gage  lines  crossing  sections  A-A  and  B-B  shows  a 
decrease  in  deformation  of  19  per  cent  due  to  the  change  from  nine 
panels  to  one  panel  loaded. 

Gage  lines  were  located  on  the  under  side  of  the  slab  close  to  the 
columns  in  the  center  panel  and  in  an  outer  panel.  On  the  removal 
of  the  load  from  the  outer  panels,  the  load  of  191  lb.  per  sq.  ft.  being 
left  on  the  row  of  three  panels,  the  deformation  in  the  concrete  on  the 
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—  Effect  of  change  of  load 
from  3  panels  to  I  panel 


Effect   of   change   from 


9  panels  to   3  panel* 
Load  •   191  Lb.  Sq.Ft. 


Up  ■•  increased  stress 
Dowrvdecreased        " 


Section   E-E 

Tig.  10.    Change  in  Stress  Accompanying  Changes  in  Loading  for  Gage  Lines 

across  East-west  Center  Line  of  Central  Panel,  Shredded" 

Wheat  Factory. 
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Section    F  F 

Fig.  11.    Change  in  Stress  Accompanying  Changes  in  Loading  for  Gage  Lines 

across  North-south  Center  Line  of  Central  Panel,  Shredded 

"Wheat  Factory. 


under  side  of  the  slab  at  the  unloaded  side  of  the  column  (gage  lines 
323,  332,  154,  and  130)  decreased  markedly,  and  the  deformation  in 
the  concrete  on  the  loaded  side  of  the  column  (gage  lines  327,  159, 
133,  and  308)  increased  somewhat.  Assuming  a  modulus  of  elasticity 
of  3,000,000  lb.  per  sq.  in.  for  the  concrete,  the  amount  of  the  com- 
pressive stress  in  the  concrete  on  the  loaded  side  amounted  to  about 
800  lb.  per.  sq.  in.,  and  on  the  unloaded  side  to  about  300  lb.  per.  sq.  in. 

Fig.  13  and  15  show  the  deformations  in  the  gage  lines  which  cross 
the  center  lines  of  the  central  panel  (sections  F-F  and  E-E)  for  the 
three  panels  loaded  and  for  the  one  panel  loaded.  Fig.  10  and  11 
show  the  change  in  stress  in  these  sections  caused  by  the  changes  in 
loading  in  per  cent  of  the  stress  present  before  moving  the  load. 

The  decrease  in  the  deformation  in  bars  lying  under  the  load  but 
near  the  panel  edge  was  more  marked  than  that  in  bars  parallel  to 
them  under  the  central  part  of  the  load.     Taking  into  account  the 
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Section  B'B 
<^  — o   9  Panels,  191  lb.  per  sq.ft. 

O O         3  ■■  -  

o o    l  Panels,  £43 

Fig.  12.    North-south  Distribution  of  Deformation  in  East-west  Bars  across 
Edge  of  Central  Test  Panel  in  Shredded  Wheat  Factory. 


increase  in  the  intensity  of  the  load  simultaneously  with  the  removal 
of  load  from  the  two  outer  panels,  leaving  only  the  central  panel 
loaded,  it  seems  that  there  must  have  been  a  distribution  of  stress 
laterally  to  bars  outside  the  loaded  area  (or  assistance  given  by  the 
development  of  stress  in  the  reinforcement  in  the  unloaded  panels 
adjacent  to  the  loaded  panel).  The  effect  seems  to  have  disappeared 
at  a  distance  of  about  one-quarter  panel  width  from  the  edge  of  the 
loaded  area. 

For  some  reasons  it  might  be  expected  that  the  change  from  the 
three-panel  load  to  the  one-panel  load  would  cause  an  increase  in 
deformations  on  gage  lines  which  cross  section  E-E  (see  Fig.  10). 
However,  the  increase  in  deformation  on  section  E-E   (23  per  cent) 
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SECTION     F-F 

Fig.  13.   North-south  Distribution  of  Deformation  in  East-west  Bars  across 
Center  Line  of  Central  Test  Panel  in  Shredded  Wheat  Factory. 


following  the  change  from  three  panels  at  191  lb.  per  sq.  ft.  to  one 
panel  at  243  lb.  per  sq.  ft.  was  less  than  the  increase  in  intensity  of 
the  load  (27  per  cent). 

9.  Distribution  of  Stress  and  of  Moments. — In  the  design  of  the 
floor  slab  the  reinforcing  bars  were  distributed  across  the  panel  width 
in  accordance  with  a  method  which  the  Corrugated  Bar  Company 
derived  from  the  test  made  by  Mr.  Trelease  on  a  small  rubber  slab.* 
To  show  the  distribution  of  stress  over  the  width  of  the  slab,  as 
measured  in  the  test,  the  deformations  developed  in  the  reinforcing 
"bars  at  the  load  of  191  lb.  per  sq.  ft.  over  nine  panels  have  been  plotted 
in  Fig.  12,  13,  14,  and  15,  using  deformations  as  ordinates  and 
distances  at  right  angles  to  the  direction  of  the  length  of  bar  as 
abscissas  (width  of  slab) .  It  will  be  seen  that  rather  large  differences 
were  found  in  the  deformations  in  bars  which  were  close  together. 
That  these  differences  are  not  generally  errors  of  observation  is 
indicated  by  the  fact  that  a  set  of  check  readings  on  a  large  number 
of  gage  lines  gave  stresses  practically  identical  with  those  of  previous 
observations  at  the  same  load. 

Fig.  16  gives  moment  factors  showing  the  distribution  of  the  posi- 
tive resisting  moment  across  the  width  of  the  slab  based  upon  the  meas- 
ured deformations  in  the  reinforcing  bars,  and  Fig.  17  gives  similar 


kSee  Proceedings   National  Association   of  Cement  Users,   vol.  VIII.,   p.   218. 
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Sect-ion   D-D 


0--0  9  Panels.   191  lb  per  sq.ft. 

0---.0    3        .,  „     

o — o    I   Panel  .  e43 

Fig.  14.   East-west  Distribution  of  Deformation  in  North-south  Bars  across 
Edge  of  Central  Test  Panel  in  Shredded  Wheat  Factory. 

moment  factors  for  the  negative  resisting  moment  based  upon  the  meas- 
ured deformations  in  the  steel.  These  moment  factors  represent  the 
coefficients  by  which  vol-  must  be  multiplied  to  obtain  the  positive 
(or  negative)  resisting  moment  per  unit  of  width  of  section  developed 
by  the  stress  found  in  the  steel,  w  being  the  load  per  unit  of  area  and  Z 
the  panel  length  center  to  center  of  columns  in  the  direction  of  the 
stress  considered. 

In  making  up  these  two  diagrams  the  width  of  the  slab  was 
divided  for  convenience  into  several  portions,  and  for  each  portion 
the  average  stress  in  the  reinforcement  was  multiplied  by  the 
effective  moment  arm  times  the  cross-sectional  area  of  the  reinforce- 
ment.    The  moments  for  the  several  portions  were  divided  by  the 
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SECTION     E.-E 


o o  s>  Panels.   191  lb. per  sq.ft. 

o— -o  3                    191   ••             •    •• 
o o  I    Panel       243 - 

Fig.  15.    East-west  Distribution  of  Deformation  in  North-south  Bars  across 
Center  Line  of  Central  Test  Panel  in  Shredded  Wheat  Factory. 
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Fig.  16.    Moment  Factor  Diagram  for  Sections  of  Positive  Moment  (Sections 
E-E  and  F-F)  of  Central  Test  Panel,  Shredded  Wheat  Factory. 


widths  and  by  the  quantity  wl2.  Calculations  were  thus  made  for 
two  sections  (E-E  and  F-F)  at  positions  of  maximum  positive  moment 
and  for  four  sections  (A-A  to  D-D)  at  positions  of  negative  moment. 
The  stresses  used  were  taken  from  Fig.  12,  13,  14,  and  15  for  the  load 
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of  191  lb.  per  sq.  ft.  over  nine  panels  in  such  a  way  as  seemed  best  to 
represent  the  stresses  over  the  entire  section.  In  some  cases  a  uniform 
stress  represented  the  distribution  as  accurately  as  any  symmetrical 
curve  which  could  be  used. 

It  will  be  noted  that  the  distribution  of  the  values  of  the  moment 
factors  in  Fig.  16  and  17  is  largely  dependent  upon  the  distribution 


Fig.  17. 


0.2      0.3     0.4      0.5     0.6      07      0.8     0.9      10 

Proportional  Part  of  Panel  Width 

Moment  Factor  Diagram  for  Sections  op  Negative  Moment   (Sec- 
tions A-A  to  D-D),  Shredded  Wheat  Factory. 


of  the  reinforcing  bars  over  the  width  of  the  section.  If  the  bars 
had  been  grouped  less  closely  over  the  column  head  there  probably 
would  have  been  less  variation  in  the  values  of  the  moment  factors. 
By  integration  of  the  areas  between  the  moment  factor  curve  and 
the  axis,  the  value  for  the  positive  resisting  moment  due  to  the 
measured  stresses  in  the  steel  for  a  width  equal  to  the  width  of  the 
panel  is  found  to  be  0.021  Wl  and  that  for  the  negative  resisting 
moment  0.026  Wl,  where  W  is  the  total  load  on  the  panel  and  I  is 
panel  length.  These  moments  are  the  averages  of  the  values  obtained 
from  the  two  curves  for  the  positive  moment  and  from  the  two  curves 
for  negative  moment.  These  moments  represent  the  value  of  the 
resisting  moment  developed  by  the  steel  for  one  direction  only,  as 
determined  by  average  unit-deformations  over  8-in.  gage  lengths. 
With  the  increased  deformations  at  certain  places  when  only  three 
panels  were  loaded  the  average  positive  moment  would  be  found  to 
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be  larger  than  the  value  given  here.  As  the  tensile  resistance  of  the 
concrete  may  be  expected  to  be  considerable  for  beams  or  slabs  having 
as  low  percentages  of  reinforcement  as  these  and  as  low  deformations 
as  were  found  in  the  steel,  the  moments  given  above  can  not  be  taken 
to  be  the  actual  resisting  moments  developed  in  the  slab. 

10.    Stresses  and  Moments  in  Columns. — In  case  not  all  of  the 
panels  are  loaded,  the  bending  moment  developed  in  the  slab  at  the 
CD- 
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Deformations  in  Interior  Column  No.  68  of  Shredded  Wheat 
Factory. 


32 


ILLINOIS  ENGINEERING   EXPERIMENT  STATION 


edge  of  the  loaded  panels  is  resisted  by  a  restraining  moment  taken 
by  the  columns  at  the  edge  of  the  loaded  area  and  by  the  slab  of  the  ad- 
jacent unloaded  area,  The  division  of  this  restraining  moment  into  the 
three  restraining  moments,  that  taken  by  the  column  above  the  floor, 
that  taken  by  the  column  below  the  floor,  and  that  taken  by  the  adja- 
cent unloaded  slab,  is  dependent  upon  the  relative  stiffness  of  these 
members  (represented  by  the  moments  of  inertia  of  the  members  and 
by  the  relative  length  of  the  members).  As  the  modulus  of  elasticity 
of  the  concrete  in  the  structure  is  not  known  and  as  the  effect  of  the 
tensile  strength  and  stiffness  of  the  concrete  is  quite  uncertain,  it  is 
not  practicable  to  make  a  definite  statement  concerning  the  amount  of 
bending  stresses  in  the  columns  or  the  exact  relative  bending  moments 
taken  by  the  columns  and  by  the  unloaded  floor.  It  may  be  interesting, 
however,  to  note  the  phenomena  as  they  were  observed  (see  Fig.  18). 
Gage  lines  309,  324,  304,  and  321  were  located  on  the  four  sides  of 
a  basement  column  just  below  the  column  capital.    The  deformations 
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Fig.  19.     Deformations  in  Wall  Column  No.  25   and  Point  of  Zero  Unit- 
deformation  on  Under  Surface  of  Test  Floor  near  Wall  Column, 
Shredded  Wheat  Factory. 
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20.     Points  of  Zero  Unit-deformation  on  Under  Surface  of  Test  Floor 
near  Interior  Columns  of  Shredded  Wheat  Factory. 


in  this  column  show  (see  Fig.  18)  that  the  partial  loading  of  the  slab 
developed  a  severe  bending  in  the  columns  of  the  basement  story.  No 
measurements  were  taken  on  the  columns  of  the  first  story. 

11.  Point  of  Inflection. — With  a  view  of  determining  the  position 
of  the  point  of  inflection,  several  series  of  measurements  of  deforma- 
tions in  the  concrete  on  the  under  side  of  the  slab  were  taken.  The 
results  are  shown  in  Fig.  19,  20,  and  21.  Eeference  to  Fig.  4  will 
show  the  location  of  gage  lines.  In  Fig.  20  only  one  series  of  measure- 
ments is  carried  far  enough  to  cover  a  change  from  compression  to 
tension.  The  tendency  01  these  curves  to  change  their  slope  abruptly 
makes  it  impracticable  to  find  the  point  of  zero  stress  by  producing 
the  line  till  it  crosses  the  axis.  Some  floor  tests  have  shown  the 
position  of  zero-deformation  of  the  under  surface  of  the  slab  to  be 
closer  to  the  column  than  that  for  the  upper  surface,  while  other  tests 
are  quite  the  opposite.       No  reason  is  known  for  such  variation  in 
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results.  It  seems  unwise  to  base  conclusions  as  to  the  positions  of  the 
point  of  inflection  upon  data  obtained  on  the  under  surface  only. 
The  curves  in  Fig.  20  and  21  show  a  tendency  for  the  point  of  zero- 
stress  to  move  toward  the  column  when  the  load  is  changed  from  test 
area  No.  1  to  test  area  No.  2. 

12.    Lintel  B emits. — During  the   progress   of  the  tests,   minute 
cracks  were  found  in  the  concrete  in  various  places  in  the  structure, 
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Points  of  Zero  Unit-deformation  on  Under  Surface  of  Test  Floor 
near  Interior  Columns  of  Shredded  Wheat  Factory. 


and  the  presence  of  these  cracks  confirmed  the  results  of  the  strain 
gage  measurements.  The  most  important  indications  of  this  kind  were 
cracks  which  were  found  on  the  interior  side  of  the  lintel  beams  near 
their  ends.  The  cracks  did  not  appear  on  the  exterior  of  these  beams 
and  except  for  this,  the  cracks,  by  their  position  and  direction, 
resembled  the  diagonal  tension  cracks  ordinarily  found  in  beams 
subjected  to  high  shearing  stress.  The  web  reinforcement  in  the  lintel 
beams  consisted  of  both  inclined  members  and  vertical  members  which 
were  wrapped  about  the  horizontal  bars.  The  presence  of  cracks 
on  the  interior  surface  and  the  absence  of  cracks  on  the  exterior 
surface  may  indicate  that  this  phenomenon  was  due  to  torsion.     The 
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slab  and  the  lintel  beams  were  built  monolithieally,  and  the  bending 
moment  developed  in  the  slab  at  its  end  by  the  load  on  the  wall  panel 
would  produce  torsion  in  the  beam.  The  formation  of  the  cracks 
shows  that  stresses  exist  in  the  lintel  beam  which  are  not  ordinarily 
considered.  The  effect  of  the  bending  of  the  slab  on  the  lintel  beam 
to  which  it  is  attached  should  be  considered. 
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Fig.  22.    Load-deflection  Diagrams  for  Test  Floor  of  Shredded  Wheat 

Factory. 


13.  Deflections. — Little  use  has  been  made  in  this  report  of  the 
deflections  which  were  measured  in  the  tests,  but  since  in  many  cities 
the  building  regulations  make  certain  requirements  for  deflection 
under  load,  it  is  believed  that  the  presentation  of  deflection  data  may 
serve  a  useful  purpose.  In  Fig.  22  are  given  diagrams  in  which  the 
ordinates  represent  the  load  in  pounds  per  square  foot,  and  the 
abscissas  represent  the  deflection  in  inches.  Accompanying  these  dia- 
grams are  the  numbers  of  the  deflection  points,  the  locations  of  which 
are  shown  in  Fig.  6. 

14.  Summary  of  Results. — The  principal  results  brought  out  in 
the  foregoing  discussion  are  as  follows: 

1  There  was  a  considerable  increase  in  the  deformations  in  both 
steel  and  concrete  during  the  fifty-six  hours  of  retention  of  the 
load. 

2  Upon  the  removal  of  the  load  from  the  six  panels,  there  was  an 
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increase  in  the  deformations  across  the  center  line  of  the  three 
panels  which  remained  loaded  (section  of  positive  bending  moment). 
There  was  a  decrease  in  the  deformations  across  the  side  edges  of  the 
area  remaining  loaded  (sections  of  negative  bending  moment).  There 
was  also  a  decrease  in  the  deformations  in  the  direction  of  the  side 
edge  of  the  loaded  area  in  those  bars  under  the  load  which  lay  near  this 
edge. 

3  The  positive  bending  moment  for  a  panel  width  corresponding 
to  the  deformations  measured  in  the  reinforcing  bars  in  one  direction 
was  found  to  average  0.021  Wl  for  a  panel  width ;  the  negative  bend- 
ing moment  found  in  the  same  way  was  0.026  Wl.  These  values  may 
be  of  interest  in  comparing  the  results  of  this  test  with  the  results  of 
other  tests.  It  must  be  understood,  however,  that  these  do  not  represent 
values  of  the  bending  moment  coefficients  which  should  be  used  in 
design. 

4  The  distribution  of  stresses  in  the  reinforcement  across  panel 
edges  and  across  panel  center  lines  was  substantially  uniform,  taking 
averages  of  the  several  sections.  The  variation  from  uniform 
distribution  of  the  moment  factors  for  these  sections  corresponds 
closely  to  variation  in  the  slab  thickness  and  in  the  distribution  of 
the  reinforcement. 

5  The  measurements  show  that  a  large  bending  moment  was 
developed  in  the  basement  columns  under  a  partial  loading  of  the 
slab. 

6  In  the  lintel  beams  cracks  were  found  on  the  interior  side  near 
the  ends  which  probably  were  caused  by  the  twisting  action  produced 
by  bending  moment  developed  in  the  slab  at  its  edge  by  the  load  on 
the  wall  panel. 


Fig.  23.     View  of  Test  Load,  Soo  Terminal  Structure. 
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III. 


The  Test  of  the  Flat  Slab  of  the  Soo  Line  Freight 
Terminal. 


15.  The  Structure— The  Soo  Line  Freight  Terminal  of  Chicago, 
comprises  a  freight  yard  and  a  central  receiving  and  distributing 
building  for  the  I  lentral  Terminal  Railway  Company  of  the  Soo  Line. 
The  freight  yard  is  elevated  above  the  ground  so  that  the  intersecting 
streets  cross  underneath  the  terminal  without  a  depression  of  their 
grades.  Both  across  these  streets  and  between  them  for  a  distance  of 
more  than  half  a  mile  the  yard  is  on  a  reinforced  concrete  slab 
structure  which  is  supported  on  columns.  The  space  under  the  slab 
not  occupied  by  streets  is  arranged  to  be  utilized  for  storage  purposes. 

A  more  complete  general  description  of  the  structure  is  given  in 
Engineering    Record,     August     16,     1913     (Vol.     68,    No.     7),     in 

-345  ft-*, 
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Fig.  24.     General  Plan  op  Soo  Terminal  Structure. 
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Engineering  News,  August  21,  1913  (Vol.  70,  No.  8),  and  in  Railway- 
Age  Gazette,  August  22,  1913. 

The  general  plan  of  the  structure  is  shown  in  Fig.  24  and  the 
design  of  a  typical  panel  is  shown  in  Fig.  25.  For  the  test 
a  four  panel  area  was  chosen  which  represents  the  typical  flat  slab 
of  this  structure,  which  is  an  unusually  heavy  one.  The  test  area 
was  located  between   West   Fourteenth   Street   and   Barber  Street, 


Fig.  25.    Dimensions  and  Reinforcement  of  Typical  Panel  of  Soo  Terminal 

Test  Floor. 
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Chicago.  The  test  panels  are  24  ft.  square.  The  floor  slab  in  the 
central  portion  of  the  panel  is  nominally  18  in.  thick.  Its  nominal 
thickness  is  30  in.  throughout  the  area  of  a  9-ft.  square  surrounding 
each  column,  this  portion  of  the  slab  being  referred  to  as  the  de- 
pressed head.  The  necessary  slope  for  drainage  purposes  was  ob- 
tained by  increasing  the  thickness  of  the  slab  to  form  alternate  ridges 
and  valleys.  The  thickness  of  the  slab  along  the  ridges  was  in  some 
places  as  much  as  2  in.  greater  than  the  nominal  thickness.  The 
additional  thickness  did  not  affect  the  position  of  the  reinforcing  bars. 
In  regions  of  negative  moment  it  is  possible  that  an  additional  thick- 
ness of  concrete  affected  the  amount  of  the  contribution  of  the  tensile 
strength  of  the  concrete  to  the  resisting  moment.  In  regions  of 
positive  moment  an  additional  depth  would  increase  the  moment  arm 
of  the  reinforcement  stress. 

The  slab  contains  four-way  reinforcement,  as  shown  in  Fig.  25.  In 
slabs  of  ordinary  thickness  and  span  it  has  been  a  common  practice 
to  depend  upon  the  weight  of  the  reinforcing  bars  to  pull  the  bars 
down  into  place  in  the  center  of  the  span,  bars  of  one-half  inch 
diameter  or  less  being  used.  In  a  floor  built  for  very  heavy  loading  as 
in  the  case  of  the  terminal  slab  under  consideration,  it  is  necessary 
to  bend  the  bars  to  a  definite  shape.  This  bending  was  done  after 
the  steel  had  been  placed  in  position.  The  average  distance  from 
the  compression  surface  of  the  slab  to  the  center  of  gravity  of  the 
reinforcement  at  the  edge  of  the  capital  of  column  N63  was  26V4  in. 
The  distance  to  the  center  of  gravity  of  the  reinforcement  midway 
between  columns  varied  somewhat  due  to  the  presence  of  the  ridges 
previously  referred  to.  The  greatest  and  least  depths  found  were 
20%  in.  and  16%  in.,  the  least  being  fully  as  great  as  the  depth 
which  would  be  expected  from  the  nominal  thickness  given  above. 

The  columns  are  cylindrical,  32  in.  in  diameter,  and  end  above  in 
bell-shaped  heads  or  capitals  5  ft.  6  in.  in  diameter  at  the  top.  The 
columns  are  reinforced  with  a  spiral  of  ^-in.  round  steel,  having  a 
mean  diameter  of  28 y2  in.  and  a  pitch  of  2  in.  In  addition,  20  l^s- 
in.  diameter  longitudinal  reinforcing  bars  are  placed  Just  within  the 
spiral  and  wired  fast  to  it.  The  spiral  is  carried  from  a  point  16  in. 
below  the  level  of  the  basement  floor  to  a  point  well  into  the  bottom 
of  the  depressed  head.  Bearing  and  anchorage  of  the  longitudinal 
rods  are  afforded  by  right  angle  hooks  8  in.  long  at  the  bottom  and  at 
the  top.  For  the  portion  of  the  structure  tested,  the  length  of  the 
columns  from  the  top  of  the  basement  floor  to  the  bottom  of  the 
depressed  head  averages  about  12  ft.  10  in, 
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The  footings  are  of  reinforced  concrete  14  ft.  square  with  a  con- 
crete pier  4  ft.  square  extending  from  the  top  of  the  footing  upward 
to  a  point  18  in.  below  the  top  of  the  basement  floor. 

16.  The  Test. — The  concreting  of  the  panels  on  which  the  test  was 
made  was  done  on  June  12, 1913,  the  building  being  112  days  old  at  the 
time  of  the  test,  and  the  four-panel  test  load  was  applied  on  October 
2,  1913.  Ore  cars  having  bins  built  on  top  to  an  average  height  of 
6  ft.  214  in.  above  the  regular  height  of  the  car  were  filled  with 
broken  stone  and  run  upon  the  test  area  to  furnish  the  load.  Fig.  23 
shows  the  loaded  cars  in  position  for  the  five-panel  test  (Load  C). 


LoodC 
Fig.  26.     Plan  Showing  Positions  of  Cars  for  Loads  A,  B,  and  C  on  Soo 

Terminal  Test  Floor. 


Portions  of  the  ballasted  and  of  the  uncovered  slab  are  seen  in  the 
foreground.  The  cars  held  on  an  average  1740  cu.  ft.  each.,  and  the 
average  weight  including  the  car  was  200,800  lb.  The  intensity  of 
this  load  is  considerably  greater  than  the  Terminal  Kailway 
Company  expects  the  slab  to  be  subjected  to  in  service.  Table  3 
gives  data  of  the  loaded  cars.  It  may  be  said  in  anticipation  of 
results  reported  hereinafter  that  this  load  caused  stresses  in  the  slab 
so  small  that  their  interpretation  is  difficult. 

The  three  different  positions  of  load,  designated  as  A,  B,  and  C, 
are  indicated  in  Fig.  26.  Load  A  was  designed  to  give  the  representa- 
tive stresses  around  a  central  column  approaching  the  condition  of 
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all  panels  loaded.  The  movement  into  position  B  was  designed  to 
determine  the  effect  of  a  change  of  a  half  panel  length  in  the  position 
of  the  load.  Load  C  was  designed  to  find  the  effect  of  loading 
adjacent  tracks  lying  within  a  row  of  panels. 

The  preparation  for  the  test  covered  the  time  from  Sept.  17  to 
Sept.  29,  inclusive.  As  showing  the  extent  of  the  preparations,  it  may 
be  stated  that  during  this  time  from  eight  to  twelve  laborers  were 
employed  in  cutting  or  drilling  into  the  concrete  to  expose  the  steel 

Table  3. 
Weights  of  Loading  Material  and  Dimensions  of  Cars. 

Average  weight  of  cars  alone 32,000   lb. 

Average  weight  of  stone  in  cars  normally 74,600    lb. 

Average  additional  height  of  bin 6  ft.  2%    in. 

Average  length  of  bin   inside 18  ft.  7%  in. 

Average  width   of  bin   inside 8   ft.   5%    in. 

Average  additional  capacity 970  cu.  ft. 

Average  unit  weight  of  stone  used 97  lb.  per  cu.  ft. 

Average   additional   weight   of   stone   per    car 94,200   lb. 

Average  total  weight  of   car   and   stone 200,800  lb. 

Number  of  cars  loaded 10 

Maximum  variation  of  total  weight  of  any  car  from  average 400  lb. 

Length  of  car  center  to  center  of  coupling 24  ft. 

Center  of  coupling  to  center  of  first  wheel 2  ft. 

Center  of  first  wheel  to  center  of  second  wheel 5  ft. 

and  to  place  gage  lines  for  measurements  on  the  concrete.  The  test 
occupied  the  time  from  Sept.  30,  1913  to  Oct.  8,  1913.  Observations 
were  taken  on  816  gage  lines,  of  which  338  were  on  the  upper  surface 
and  478  on  the  lower  surface  of  the  slab.  Locations  of  slab  gage 
lines  are  shown  in  Fig.  27,  and  28  and  locations  of  deflection  points 
in  Fig.  30.  Locations  of  gage  lines  on  columns  may  be  determined 
by  a  study  of  Fig.  37  to  41  inclusive.  In  the  carrying  out  of  the  test 
considerable  delay  was  experienced  because  of  rains  which  flooded 
the  gage  holes  and  necessitated  a  large  amount  of  tedious  work  in 
draining  and  cleaning. 

In  order  to  lessen  the  chances  of  error  in  readings,  two  complete 
sets  of  strain  gage  readings  were  taken  before  applying  a  load,  and 
also  two  complete  sets  under  Load  A  (see  Fig.  26) .  The  load  was  then 
moved  to  the  position  indicated  as  load  B,  Fig.  26,  and  two  series  of 
readings  were  taken  in  only  the  significant  positions.  The  cars  were 
then  removed  from  the  test  area  and  a  complete  series  of  no-load  read- 
ings was  taken.  With  Load  C  in  position  readings  were  taken  at  the 
most  important  positions. 

17.  Settlement  and  Deflections. — Levels  were  taken  on  the  slab 
at  several  of  the  columns  and  at  deflection  points  before  loading, 
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Fig.  27.     Location  op  Gage  Lines 
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Fig.  28.     Location  of  Gage  Lines 
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with  load  on,  and  with  load  removed.  The  levels  were  taken  by 
engineers  connected  with  the  construction  and  the  work  is  known 
to  have  been  carefully  done,  but  the  results  in  some  respects  seem 
conflicting  and  it  is  quite  possible  that  they  do  not  show  the  actual 
changes  which  took  place.  It  is  possible  that  the  bench  mark  was 
affected  by  the  movement  of  the  structure  under  load.  As  the 
measurement  of  deflections  of  slabs  was  taken  from  the  floor  below, 
uncertainties  about  the  settlement  of  the  structure  will  also  affect 
the  observations  on  deflections. 


1913 

No  Load  10-9  II-  AM 

No  Load   10-6  12-     M. 

Load  C    10-4  efOAM 

NO  Load  10-3  II-30A.M. 

Load  A     10-2  6-  PM 

Load  A     10-2.  II  -  AM 
No  Load 


Settlement   i  n   Feet 

Fig.  29.     Settlement  of  Columns  Supporting  Test  Floor  of  Soo  Terminal 

Structure. 


The  data  of  settlement  and  deflections  are  given  in  Fig.  29  and 
30.  The  maximum  settlement  indicated  by  the  level  notes  was  0.04 
feet  which  appears  to  have  occurred  at  Column  N63,  the  central 
column  of  the  four-panel  test  area.  The  almost  complete  recovery 
from  this  settlement  on  removal  of  the  load  and  the  large  amount  of 
recovery  during  the  time  from  11 :00  a.  m.  to  6  :00  p.  m.,  October  2, 
while  the  full  load  was  in  place,  seem  improbable  and  hence  raise 
serious  question  as  to  whether  as  much  settlement  as  that  indicated 
above  was  present  at  any  time.  Besides,  the  maximum  measured 
deflection  of  0.14  in.  is  so  small  as  to  make  this  value  also  seem  not  to 
represent  the  actual  deflection.  However  the  settlement  is  not  large 
for  buildings  on  Chicago  soil.  There  are  many  inconsistencies 
between  the  deflections  and  settlements  observed  at  different  places 
and  under  different  loads,  and  the  uncertainty  of  the  conditions 
makes  it  futile  to  attempt  to  account  for  the  recovery  from  settle- 
ment or  otherwise  to  interpret  the  data.  However,  Fig.  29 
and  30  are  given  for  the  purpose  of  record.  It  is  evident 
that  even  slight  settlement  under  load  will  modify  the  distribution  and 
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Fig.  30.    Deflection  of  Test  Floor  at  Points  Midway  Between  Columns  of 
Soo  Terminal  Structure. 

the  amount  of  the  stresses  in  the  structure.  The  reference  to  settle- 
ment is  given  in  the  discussion  as  an  aid  in  interpreting  the  observed 
phenomena  and  not  in  any  way  as  having  a  bearing  on  the  stability  of 
the  structure. 

18.  Deformation  in  the  Slab. — The  diagrams  in  Fig.  31  to  34  give 
the  results  of  measurements  taken  to  determine  the  distribution  of 
deformations  in  the  slab  along  the  edges  of  panels,  the  measurements 
being  taken  in  the  direction  of  these  edges,  that  is,  along  or  parallel 
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to  the  sections  shown  in  these  figures.  The  diagrams  in  Fig.  35  and 
36  give  the  results  of  measurements  taken  to  determine  the  distribution 
of  deformations  across  the  center  line  of  panels  (section  F-F)  on  the 
top  and  on  the  bottom  of  the  slab.  In  this  case  the  measurements 
were  taken  normal  to  the  sections  shown. 

The  deformations  measured  in  the  slab  for  the  several  loads  were 
very  small,  in  general,  much  smaller  than  were  anticipated.  As  a 
result  the  data  are  not  such  as. to  throw  much  light  on  several  of  the 
questions  on  which  information  was  sought,  as  for  example,  the  effect 


.00016    B 

oooie   E 

00008   g 
00004  ' 

!0O0O4-_ 
■  .00006  e 
.000  I  £  z> 


•   Gaqe  L'nes-Top  of  5lab 
©  -Bottom  •■  " 


LOAD    C 

5ECTI0N  A  A 

Fig.  31.     Deformation  along  Section  A-A  (Normal  to  Tracks)  of  Soo  Ter- 
minal Test  Floor. 


of  shifting  the  load  a  short  distance.  In  many  cases  the  changes  in 
length  were  smaller  than  the  possible  errors  of  observation,  and  such 
results  are  therefore  meaningless.  Besides,  with  the  low  stresses 
found,  the  tensile  strength  of  the  concrete  must  have  played  an 
important  but  uncertain  part  in  the  resistances  developed.  To  com- 
plicate the  matter  further,  unequal  settlement  of  the  footings  evidently 
modified  the  action  of  the  structure.  Altogether,  it  may  be  said 
that  on  account  of  the  smallness  of  the  deformations  and  complications 
with  the  tensile  resistance  of  concrete  and  the  settlement  of  the  foot- 
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Fig.  32.    Deformation  along  Section  B-B  (Normal  to  Tracks)   of  Soo  Ter- 
minal Test  Floor. 


ings  little  conclusive  information  was  obtained  on  the  main  questions 
connected  with  the  action  of  the  slab,  except  that  the  smallness  of  the 
stresses  developed  may  be  considered  as  important  in  judging  of  the 
action  of  such  flat  slab  structures.  In  some  respects  the  observations 
give  indications  of  the  way  in  which  the  stresses  are  distributed,  but 
frequently  they  are  so  masked  by  uncertainties  that  comparison  cannot 
be  made  with  any  degree  of  confidence.  However,  comment  will  be 
made  as  best  it  can. 

Some  of  the  difficulties  may  be  seen  from  the  following  examples. 
For  the  negative  bending  moment  around  the  central  column 
(column  N63,  Fig.  32),  with  four  panels  loaded,  the  compressive 
stresses  in  the  concrete  due  to  both  dead  and  live  loads  would  not  be 
expected,  from  calculations  made  according  to  current  practice,  to 
exceed  500  lb.  per  sq.  in.  If  the  concrete  on  the  tension  side  remained 
intact,  the  tensile  stresses  in  the  concrete  in  this  region  would  be  less 
than  this  amount  and  the  stresses  in  the  reinforcement  would  be 
correspondingly  low.  As  no  cracks  were  observed  in  these  positions 
and  as  the  observed  tensile  deformations  here  were  very  small,  it 
seems  probable  that  the  tensile  strength  of  the  concrete  was  sufficient 


50 


ILLINOIS  ENGINEERING  EXPERIMENT   STATION 


il__ ,, BLBrfSLIiLg 


•    •   Gj^e  Lines -Top  of  5iob 
°       -         ••     -  Bottom     ■• 


->  '   1 


COO  16  ~ 
t — W  .000 1  i.  ? 
1 — I — I  OOOOft   c 


ooooe  fc 
Ooocwi  £ 


00004 Q 
O00O6t 

—  oooi a  c 


LOAD  C- 
SECTION      CC 

Fig.  33.    Deformation  along  Section  C-C   (Normal  to  Tracks)  op  Soo  Ter- 
minal Test  Floor. 


to  prevent  cracking  in  regions  of  negative  moment  even  without  relief 
of  the  stresses  here  by  settlement  of  the  column.  The  differences  in 
depth  of  embedment  of  the  reinforcing  bars  in  the  different  bands 
also  added  to  the  uncertainties.  In  view  of  these  difficulties,  no 
quantitative  values  of  the  negative  bending  moment  developed  in  the 
slab  around  the  central  column  can  be  given.  Again,  for  the  four- 
panel  loading,  the  highest  deformation  measured  in  any  of  the  rein- 
forcing bars  of  the  bands  at  the  central  column  corresponded  to  2700 
lbs.  per  sq.  in.  tension  in  the  bar  and  to,  say,  270  lb.  per  sq.  in.  tension 
in  the  concrete  on  the  upper  surface  of  the  slab  and  the  range  was 
from  this  value  to  a  small  compressive  deformation.  It  is  evident 
that  with  such  stresses  as  these  it  would  be  of  little  value  to  try  to 
make  comparison  of  stresses  in  the  different  bands  or  in  different  bars 
of  the  same  band. 

The  deformations  in  the  reinforcing  bars  of  the  rectangular  bands 
at  the  bottom  of  the  slab  half  way  from  the  central  column  to  the 
adjoining  column  were  larger  than  those  in  the  top  of  the  slab  near  the 
central  column  (see  Fig.  32).  The  settlement  of  columns  may  have 
had  some  influence  on  this.       Even   here    the    highest    deformation 
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Fig.  34.     Deformation  along  Section  E-E  (Parallel  to  Tracks)  of  Soo  Ter- 
minal Test  Floor. 


measured  in  any  bar  under  load  A  corresponds  to  a  stress  of  less  than 
4000  lb.  per  sq.  in.,  and  most  of  the  bars  show  values  much  smaller 
than  this. 

In  the  four-panel  loading  (see  plan  of  load  A,  Fig.  26)  the  bars 
in  a  band  of  reinforcement  which  has  load  on  both  sides  of  it  (as  the 
rectangular  band  from  Column  N62  to  N63  and  on  to  N64,  and  also 
the  rectangular  band  from  Column  M63  to  N63  and  on  to  063)  may- 
be expected  to  take  their  full  share  of  the  stresses  due  to  the  load.  In 
bands  at  the  edge  of  the  loaded  area  (as  in  the  band  extending  from 
Column  062  to  063  to  064)  the  bars  at  the  edge  of  the  band  which 
lie  within  the  loaded  area  will  be  stressed  higher  than  the  bars  at  the 
other  edge  of  the  same  band  which  lie  outside  the  loaded  area,  but  the 
latter  bars  will  carry  a  considerable  proportion  of  stress,  and  the 
stresses  developed  in  the  former  bars  will  be  materially  less  than  if 
the  latter  bars  were  not  present.    This  condition  will  need  to  be  taken 
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Fig.  35.     Effect  of  Change  from  Load  A  to  Load  C  on  Deformation  in  Gage 
Lines  Crossing  Section  F-F  on  Top  of  Soo  Terminal  Test  Floor. 


into  consideration  in  comparing  the  deformations  found  when  the  load 
is  removed  from  a  panel  but  is  left  on  the  adjoining  panel. 

In  the  change  from  a  four-panel  loading  (load  A)  to  a  load  on  a 
row  of  panels  (load  C),  besides  the  condition  just  referred  to,  a  change 
may  be  expected  in  the  stresses  in  the  bands  which  run  across  the  row 
of  loaded  panels.  Due  to  the  bending  of  any  column  under  the  new 
arrangement  of  load  (like  Column  N63,  Fig.  32,  which  in  the  four- 
panel  loading  was  surrounded  by  a  symmetrical  load)  and  with  the 
resulting  change  in  slope  at  the  top  of  the  column,  and  due  also  to 
whatever  reverse  bending  occurs  in  the  slab  outside  the  loaded  area, 
it  may  be  expected  that  for  a  band  such  as  the  one  running  from 
Column  N63  to  063  the  stresses  at  Column  N63  (due  to  negative 
bending  moment)  would  be  less  for  the  row  of  panels  loaded  than  it 
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Pig.  36.    Effect  of  Change  from  Load  A  to  Load  C  on  Deformation  in  Gage 
Lines  Crossing  Section  F-F   on  Bottom  of  Soo  Terminal  Test  Floor. 


had  been  for  the  four-panel  load,  and  that  at  points  half  way  between 
Columns  N63  and  063  the  stresses  (due  to  positive  bending  moment) 
would  show  an  increase  over  those  for  the  four-panel  load.  Section 
C-C,  Fig.  33,  shows  the  effect  of  loading  a  row  of  panels  and  of 
extending  the  load  entirely  across  a  section  instead  of  loading  on  only 
one  side  of  the  section.  This  effect  is  seen  in  the  considerable 
increase  in  deformation  midway  between  Columns  N64  and  064  (see 
also  Fig.  35  and  36.) 

When  the  loading  was  changed  from  load  A  to  load  C  the 
measurements  at  Column  N63  showed  very  little  change  in  the  stresses 
in  the  bars  of  the  band  which  extends  from  Column  N63  to  063  (see 
Fig.  32).  At  a  point  half  way  between  these  columns  the  stresses  in 
the  bars  increased,  averaging  about  1500  lb.  per  sq.  in.  with  load  A 
and  6000  lb.  per  sq.  in.  with  load  C  (see  Fig.  32  and  36.)     Taking  into 
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account  the  stresses  produced  by  the  dead  load,  it  seems  that  the  tensile 
resistance  of  the  concrete  must  have  been  exceeded  with  load  C,  and 
this  makes  impracticable  the  use  of  the  resulting  stresses  for  compar- 
ing quantitatively  the  bending  moments  developed  by  the  two  loads. 
For  the  band  running  from  Column  062  to  063  the  average  stress 
observed  in  the  reinforcement  at  mid-span  under  the  four-panel 
loading  (load  A)  was  only  500  lb.  per  sq.  in.  and  under  the  loading 
of  a  row  of  panels  (load  C)  900  lb.  per  sq.  in.  For  the  band  running 
from  Column  N62  to  N63  (see  Fig.  34),  the  average  stress  observed 
at  mid-span  under  load  A  was  2000  lb.  per  sq.  in.  and  under  load  C  500 
lb.  per  sq.  in. 

It  will  be  seen  that  for  load  A,  there  is  considerable  similarity  in 
the  distribution  of  stresses  along  section  B-B  (Fig.  32)  and  section 
E-E  (Fig.  34). 

19.  Columns. — Columns  located  at  the  edges  of  the  loaded  area 
showed  considerable  bending  stress.     The  stresses  in  columns  were 
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Fig.  37.     Deformation  in  Columns  Cut  by  Section  A-A  (Normal  to  Tracks) 
op  Soo  Terminal  Structure. 
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Deformation  in  Columns  Cut  by  Section  B-B  (Normal  to  Tracks) 
of  Soo  Terminal  Structure. 


higher  and  more  definite  than  the  stresses  in  the  slab.  The  amount 
of  the  deformations  in  the  concrete  on  opposite  sides  of  the  column 
is  shown  graphically  in  Fig.  37  to  41.  The  large  tensile  deformations 
in  the  columns  show  that  the  reinforcing  bars  were  subjected  to  con- 
siderable tensile  stress,  and  even  considering  the  compression  due  to 
dead  load  the  tensile  strength  of  the  concrete  must  have 
been  exceeded.  This  action  is  also  shown  by  the  formation  of  cracks 
on  the  tension  side  of  the  columns.  Measurements  made  on  the 
reinforcing  bars  (not  plotted  in  the  figures)  show  tensile  deforma- 
tions smaller  than  those  observed  in  the  concrete,  but  still  considerable. 
The  distribution  of  the  flexural  deformations  along  the  column  length 
is  also  shown  in  Fig.  37  to  41.  In  general  the  point  of  zero  deforma- 
tion is  lower  on  the  compression  side  than  on  the  tension  side  of  the 
column,  a  difference  which  may  be  due  in  part  to  the  direct  com- 
pression caused  by  the  test  load.  Table  4  gives  the  distances  from 
the  bottom  of  the  depressed  head  to  the  point  of  zero  deformation  on 
the  two  sides  of  their  columns  and  their  averages.    The  distances  are 
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Table  4. 
Positions  op  Points  of  Zero  Deformation  on  Columns. 


Distance  in   Inches   from  Depressed 

Head  to   Point  of 

Ratio  of 

Column 

Load 

Zero  Deformation 

Average  to 
Column 
Length 

No. 

Loaded                     Unloaded 
side                             side 

Average 

063 

A 

East       115 

West        81 

98 

.64 

063 

C 

East       105 

West        85 

95 

.62 

N63 

C 

West      106 

East         78 

92 

.6^ 

062 

A 

East      103 

West     103 

103 

.67 

062 

C 

East         98 

West       78 

88 

.57 

064 

A 

East       108               West     106 

107 

.70 

064 

C 

East      108               West     100 

104 

.68 

064 

A 

North    106 

062 

A 

South    103 

062 

C 

South    105 

expressed  also  as  proportional  parts  of  the  total  distance  between  the 
bottom  of  the  depressed  head  and  the  upper  surface  of  the  basement 
floor.     The  average  of  the  ratios  is  0.64.     If  the  case  of  a  column 
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Fig.  39.     Deformation  in  Columns  Cut  by  Section  C-C   (Normal  to  Tracks) 
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Fig.  40.     Deformation  in  Columns  Cut  by  Section  D-D  (Parallel  to  Tracks) 
of  Soo  Terminal  Structure. 


fixed  at  one  end  and  having  a  rigid  connection  with  the  slab  or 
beam  at  the  other  end  be  subjected  to  analysis,  the  point  of  inflection 
will  be  found  to  be  two-thirds  of  the  distance  from  the  point  of  rigid 
connection  to  the  point  of  fixity.  The  results  are  in  fair  agreement 
with  the  analysis  if  the  column  be  considered  to  be  fixed  at  the  base- 
ment floor. 

Because  of  the  uncertainty  of  the  effect  of  tensile  stresses  in  the 
concrete  and  because  the  value  of  the  modulus  of  elasticity  of  the 
concrete  of  the  columns  is  unknown,  it  is  not  feasible  to  calculate  the 
bending  moment  produced  in  the  columns.  It  can  easily  be  seen, 
however,  that  the  bending  moment  developed  in  this  case  is  very 
large,  as  may  be  expected  from  an  analysis  of  a  structure  made  up 
of  thick  slabs,  and  not  having  the  columns  continued  upward  to  other 
stories.  The  fact  that  such  bending  is  developed  in  columns  and  is 
shown  by  measurements  may  be  worth  recording. 

20.     Cracks. — The  location  of  small  cracks  which  were  observed 
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in  the  slab  when  the  four-panel  load  (load  A)  was  in  position  is 
shown  in  Fig.  42.  All  these  cracks  were  found  on  the  bottom  of  the 
slab.  No  cracks  were  found  on  the  top.  It  is  seen  that  in  general 
they  extend  in  a  direction  parallel  with  the  rows  of  columns,  dis- 
playing also  a  slight  tendency  to  extend  along  the  diagonal  of  the 
panel.  Portions  of  the  upper  side  of  the  slab  were  covered  with 
ballast  and  no  examination  for  cracks  could  be  made  in  these  places, 
but  as  the  ballasted  regions  occupied  the  central  portions  of  the 
panels  where  compression  should  be  found  cracks  would  not  be 
expected  at  these  places.  The  top  of  the  slab  was  available  for  exam- 
ination over  all  columns,  and  no  cracks  could  be  found  in  such 
positions  although  a  careful  search  for  them  was  made.  It  is  seen 
that  the  cracks  referred  to  are  in  regions  where  compression 
would  be  expected.  Their  appearance  may  be  explained  by  even  a 
slight  settlement  of  columns;  those  on  the  under  side  of  the  slab 
close  to  the  depressed  heads  of  some  of  the  columns  at  the  edge  of 
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Fig.  41.     Deformation  in  Columns  Cut  by  Section  E-E  (Parallel  to  Tracks) 
of  Soo  Terminal  Structure. 
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Fig.  42.     Location  of  Cracks  in  Soo  Terminal  Test  Floor. 

the  loaded  area  may  be  explained  if  there  were  settlement  of  these 
columns,  and  those  which  were  found  on  the  under  side  of  the  slab 
close  to  the  depressed  head  of  the  central  column  if  there  were  a  set- 
tlement of  this  column  larger  than  that  of  any  other. 

Under  Load  A,  cracks  were  observed  in  several  columns  located 
on  the  edges  of  the  loaded  area.  These  were  found  on  the  column 
capital  a  little  above  its  bottom  edge  and  on  the  side  away  from  the 
loaded  area.  It  was  not  easy  in  every  case  to  distinguish  between 
these  cracks  and  other  cracks  found  on  the  columns  which  evidently 
were  due  to  expansion  and  contraction  of  the  floor  caused  by  changes 
in  temperature,  but  a  survey  of  the  temperature  cracks  disclosed 
that  they  were  systematically  arranged  and  could  be  distinguished 
from  the  cracks  which  were  due  to  eccentricity  of  loading  and  which 
were  indicative  of  bending  moment  developed  in  the  columns  as 
already  discussed  under  19.    Columns. 
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21.  Measurement  of  Dead  Load  Stress. — An  effort  was  made  to 
obtain  information  on  the  amount  of  stress  developed  in  the  slab 
by  the  weight  of  the  floor  upon  the  removal  of  the  forms.  The  test 
was  made  upon  a  24  by  24-ft.  panel.  As  the  floor  slab  is  very  thick 
it  cannot  be  expected  that  the  stresses  developed  by  the  dead  load 
would  be  very  high,  but  the  test  indicates  that  it  is  practicable  to 
measure  the  effect  produced  when  the  forms  are  removed. 

The  forms  were  left  standing  until  the  time  of  the  test.  Gage 
lines  were  placed  where  readings  were  desired  and  initial  or  zero 
readings  were  taken.  The  forms  were  then  removed  and  other  sets 
of  readings  were  taken  when  the  slab  was  supporting  its  own  weight. 
In  order  to  place  gage  lines  on  the  bottom  of  the  slab  before  the 
forms  were  removed,  it  was  necessary  to  cut  holes  in  the  forms. 
As  the  deformations  were  expected  to  be  small,  special  care  was 
taken  to  insure  correctness  of  the  observations.  Both  initial  readings 
and  final  readings  on  all  gage  lines  were  taken  twice  by  each  of  two 
observers. 

Table  5. 
Average  Unit-deformation  Under  Dead  Load. 

Plus  indicates  extension  and  minus  indicates  shortening. 

I    Average  Observed 
Location  Unit-deformation 


Bottom ;  outside  of  capital ;  rectangular  direction 

Top;  outside  of  capital;  rectangular  direction 

Bottom;  outside  of  capital;   diagonal  direction 

Top ;  outside  of  capital ;   diagonal  direction 

Bottom;  outside  of  capital;   Depressed  head,  rectangular  direction. 
Top;  outside  of  capital;  Depressed  head,  rectangular  direction.... 

Bottom;  midway  between  columns;  rectangular  direction 

Top;  midway  between  columns;  rectangular  direction 

Bottom ;  midway  between  columns ;  diagonal  direction 

Top;  midway  between  columns;  diagonal  direction 


— .000042 
+  .000013 
— .000024 
+.000005 
— .000013 
+.000005 
+.000013 
— .000048 
+.000014 
— .000032 


The  averages  of  unit  deformations  found  are  given  in  Table  5. 
It  is  seen  that  for  measurements  at  gage  lines  located  near  the 
column  capital  the  deformations  were  greater  on  the  bottom  of  the 
slab  than  on  the  top,  while  for  the  locations  midway  between  columns, 
the  deformation  was  greater  on  the  top  of  the  slab  than  on  the  bot- 
tom; in  other  words,  the  deformation  was  greater  in  the  regions  of 
compression  than  in  the  regions  of  tension.  From  the  amounts  of 
the  deformations  measured  it  may  not  be  expected  that  the  con- 
crete had  failed  in  tension.  In  judging  of  the  amount  of  these 
deformations  it  must  be  considered  that  there  is  a  possibility  that 
some  of  the  dead  weight  is  assumed  by  the  slab  in  advance  of  the 
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removal  of  the  forms  because  of  the  shrinkage  of  the  forms  or  of 
very  slight  settlement.  The  fact  that  the  compressive  deformations 
are  higher  than  the  tensile  deformations  may  indicate  that  arch 
action  played  a  part  in  the  support  of  the  dead  load. 

22.  Summary  of  Results. — The  following  comments  may  be  made 
on  the  test  cf  the  Soo  Terminal  Building: 

1  The  deformations  measured  in  the  steel  and  in  the  concrete 
of  the  slab  were  very  small,  in  many  cases  smaller  than  the  possible 
errors  of  observation.  The  tensile  stresses  developed  in  the  reinforce- 
ment being  so  small,  the  tensile  strength  of  the  concrete  must  have 
played  a  very  large  part  in  the  bending  resistance  of  the  slab.  It 
appears  also  that  uneven  settlement  of  the  footings  under  the  applied 
load  modified  the  action  of  the  structure. 

2  With  the  development  of  such  low  stresses  and  the  uncertain 
action  due  to  uneven  settlement  of  the  footings,  the  results  of  the 
test  may  not  be  used  to  throw  light  on  the  mechanics  of  the  slab  and 
on  the  distribution  of  stresses  over  the  slab  in  the  way  it  was  hoped 
they  could  be  used.  As  would  be  expected,  an  increase  in  the  stress 
in  a  cross  band  under  the  loaded  area  was  found  when  the  load  was 
changed  from  four  panels  in  the  form  of  a  square  to  five  panels  in  a 
row. 

3  Marked  bending  was  found  in  the  columns  at  the  edge  of  the 
loaded  area.  The  point  of  inflection  of  the  elastic  curve  of  flexure  of 
the  columns  was  about  two-thirds  of  the  distance  from  the  bottom 
of  the  depressed  head  to  the  upper  surface  of  the  basement  floor, 
which  is  the  location  to  be  expected  for  a  column  fixed  at  the  bottom 
and  having  a  rigid  connection  with  the  slab  at  the  top. 

4  The  location  of  the  cracks  found  on  the  under  side  of  the 
slab  indicates  that  stresses  in  a  structure  subject  even  to  slightly 
uneven  settlement  of  footings  may  be  of  different  character  from 
those  found  by  the  ordinary  assumptions  of  design. 

5  The  measurements  made  to  determine  the  stresses  produced 
in  the  slab  by  dead  load  upon  striking  centers  indicate  that  while 
the  deformations  were  small  in  the  test  made,  it  is  practicable  to 
measure  the  deformations  in  a  reinforced  concrete  structure  due  to 
dead  load. 

IV.     The  Schulze  Baking  Company  Building  Test. 

23.  The  Building.— The  building  of  the  Schulze  Baking  Company 
is  located  at  55th  St.  and  Wabash  Ave.,  Chicago.     It  is  five  stories 
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Fig.  43.     Dimensions  and  Reinforcement  Plans  op  Test  Floor  of  Schulze 
Baking  Company  Building. 
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in  height  and  covers  an  area  298  ft.  4  in.  by  160  ft.  The  floor  space 
is  divided  into  panels  17  ft.  6  in.  by  20  ft.  The  test  load  was  applied 
to  panels  of  the  second  floor  (one  story  above  sidewalk  level).  The 
floor  construction  in  this  part  of  the  building  consists  of  a  four-way 
reinforced  concrete  slab  nominally  9  in.  thick  in  the  central  portion 
of  the  panel  and  14  in.  thick  throughout  the  area  of  a  7-ft.  6-in. 
square  surrounding  each  column.  It  was  designed  for  a  live  load  of 
300  lb.  per  sq.  ft. 

The  columns  below  the  second    floor    are    circular,    28    in.    in 
diameter,  and  terminate  at  the  top  in  octagonal  bell-shaped  heads 
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Fig.  44.     Gage  Lines  on  Upper  Surface  op  Test  Floor  of  Schulze  Baking 

Company  Building. 
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54  in.  in  diameter  at  their  upper  ends.  The  columns  between  the 
second  and  third  floors  are  circular,  and  are  26  in.  in  diameter. 

The  distribution  of  the  reinforcement  in  the  portion  of  the  floor 
to  which  the  test  load  was  applied  is  shown  in  Fig.  43. 

Two-thirds  of  the  slab  rods  of  the  rectangular  bands  are  located 
in  the  top  of  the  slab  where  they  pass  over  the  columns.  These  rods 
drop  down  to  the  bottom  of  the  slab  at  a  point  about  two-tenths  of 
the  panel  length  from  the  center  line  of  the  columns.  At  the  corre- 
sponding point  relative  to  the  next  column  the  rods  are  bent  up 
again  and  pass  over  the  column  in  the  top  of  the  slab,  ending  9  in. 


Fig.  45. 


Gage  Lines  on  Under  Surface  of  Test  Floor  of  Schulze  Baking 
Company  Building. 
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to  18  in.  beyond  the  center  line  of  columns.  The  remaining  one-third 
of  the  bars  of  the  rectangular  bands  extend  through  the  bottom  of  the 
slab  throughout  the  length  of  the  bars.  All  diagonal  rods  bend  up 
to  pass  over  the  column  in  the  top  of  the  slab,  and  extend  5  ft.  3  in. 
beyond  the  center  lines  of  columns.  Measurements  taken  at  the 
time  of  the  test  indicate  an  average  depth  from  the  compression  sur- 
face to  the  center  of  gravity  of  the  reinforcement  of  10.15  in.  for 
positions  of  negative  moment  and  7.45  in.  for  positions  of  positive 
moment. 

To  prevent  concentration  of  cracks  along  the  center  line  of  the 
band  of  reinforcement  from  column  to  column,  %-in.  bars  9  ft.  long 
spaced  about  12  in.  apart  were  placed  across  the  boundary  line 
between  panels. 
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•    Level    po>nt5  for  measuring  floor  thickness 
-I-  Deflection    points 

Fig.  46.     Location  of  Points  for  Measurement  of  Thickness  and  of  Deflec- 
tion of  Test  Floor  in  Schulze  Baking  Company  Building. 


The  concrete  was  placed  late  in  October,  1913,  and  there  was 
considerable  cold  weather  during  the  time  of  hardening.  For  this 
reason  it  was  expected  that  the  concrete  would  not  show  up  as  well 
as  concrete  poured  and  set  under  the  more  favorable  conditions  of 
summer,  and  because  of  the  unfavorable  conditions  a  little  more  time 
than  usual  was  allowed  before  making  the  test.  At  the  time  of  the  test 
it  appeared  that  there  still  was  considerable  moisture  in  the  concrete, 
but  no  unfavorable  indications  were  found  in  the  concrete. 
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24.  The  Test. — The  period  of  preparation  for  the  test  covered 
the  time  from  January  13  to  January  19,  1914.  Deformations  were 
measured  in  123  gage  lines  on  the  reinforcement  of  the  slab,  82  gage 
lines  on  the  concrete  of  the  slab,  and  58  gage  lines  on  the  concrete  of 
the  columns.  The  gage  lines  on  the  upper  and  under  surfaces  of  the 
slab  are  shown  in  Fig.  44  and  45.  All  the  strain  gage  readings  were 
taken  by  Mr.  Slater.  Deflections  and  floor  thicknesses  were  measured 
in  five  places,  the  locations  of  which  are  shown  in  Fig.  46.  The  floor 
thicknesses  for  the  various  points  in  order  were  as  follows :  (1) ,  9!/s  in. ; 
(2),  8  3/16  in.;  (3),  8  11/16  in.;  (4),  14i/8  in.;  (5),  14  7/16  in.  This 
gives  an  average  thickness  for  the  thin  portion  of  the  floor  of  8.87  in. 
and  for  the  thick  portion  of  14.28  in. 


Fig.   47. 


Dotted  lines 
ndicote  areas 
left  vacant  in 
first  load  incre- 
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access  to  gage 
'ines. 


Plan  Showing  Distribution  of  Load  on  Test  Floor  of   Schulze 
Baking  Company  Building. 


Brick  was  used  as  the  loading  material.  Previous  to  the  test  its 
weight  was  determined  by  weighing  a  number  of  wheelbarrow  loads, 
noting  both  the  number  of  bricks  and  measuring  the  cubic  contents 
when  stacked.  The  weight  per  cubic  foot  was  found  to  be  96  lb. 
The  load  Avas  applied  to  four  panels  as  shown  in  Fig.  47,  the  brick 
being  stacked  in  piers.  Fig.  48  is  a  view  of  the  load  in  place.  On 
account  of  shortages  of  brick  the  load  was  not  always  uniformly 
distributed  over  the  floor  at  the  time  of  taking  the  readings.  Table 
6  shows  the  loads  at  which  strain  gage  readings  were  taken  and  indi- 
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Fig.  48.     "View  of  Test  Load  on  Floor  of  Schulze  Baking  Company  Building. 


cates    the    nominal    loads    used'  in    plotting    the    load-deformation 
curves. 

Table  6. 

Loading  of  Floor  in  Schulze  Baking  Company  Building. 


Stage 

Height 

Courses 

Load 

of 

in 

of 

lb.  per 

Loading 

inches 

Brick 

sq.  ft. 

1 

29 

12 

189 

2 

48& 

20 

319 

3 

65 

27 

437 

4 

106 

44 

722 

The  maximum  load  was  722  lb.  per  sq.  ft.  (twice  the  design  live 
load  plus  the  dead  load),  except  for  a  portion  of  the  two  north  panels 
(Fig.  47)  which  had  437  lb.  per  sq.  ft.  The  deficiency  was  due  to  a 
shortage  of  material,  but  the  load  on  these  panels  was  distributed 
with  a  view  to  making  the  material  at  hand  as  effective  as  possible 
in  producing  bending  moment.  It  is  believed  that  the  moment  in  the 
fully  loaded  panels,  both  at  the  central  column  and  midway  between 
columns  was  not  less  than  90  per  cent  of  the  moment  which  would 
have  been  developed  if  the  load  had  been  722  lb.  per  sq.  ft.  over  the 
entire  area. 
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Expansion  and  contraction  of  the  steel  and  concrete  with  change 
in  temperature  made  complications  which  partially  obscure  the  results 
of  the  test.  In  an  effort  to  eliminate  possible  errors  from  this  source, 
corrections  were  determined  by  taking  readings  on  an  unstressed  gage 
line  in  the  floor.  In  spite  of  the  indications  that  the  expansion  and 
contraction  of  the  concrete  go  through  the  same  cycles  of  changes  as 
the  temperature  of  the  air,  corrections  made  on  the  basis  of  these 
observations  do  not  remove  all  the  inconsistencies  from  the  load- 
deformation  curves.  However,  it  is  believed  that  such  errors  have 
been  greatly  reduced  by  the  corrections  used. 

25.  Tension  in  Slab. — The  measured  unit-deformations  observed 
in  this  test  were  unusually  small,  both  in  the  steel  and  in  the  con- 
crete. Very  few  unit-deformations  were  more  than  0.0002  and  the 
majority  were  less  than  this  at  the  maximum  load  of  722  lb.  per  sq. 
ft.  Assuming  a  modulus  of  elasticity  of  30,000,000  lb.  per  sq.  in.  for 
steel,  the  stress  at  a  unit  deformation  of  0.0002  is  6,000  lb.  per  sq.  in. 

Table  7. 
Average  Stresses  in  Tension  Reinforcement  at  Maximum  Load. 


Gage  Lines 

Location  and  Direction  of  Gage  Lines 

Average 

Stress 

lb.   per   sq.    in. 

203,    208,   216,    232,   237 

Long   rectangular   direction   at   centra 

column 

7200 

205,  212,   233 

Short  rectangular  direction  at  central 

column 

3900 

215,  210,  234,  235,  242,  253 

Diagonal  across  loaded  area  at  central  column 

5400 

272,   283 

Long  rectangular  direction  at  columns 
of  loaded  area 

at  edge 

4300 

268,  281 

Short  rectangular  direction  at  columns 
of  loaded  area 

at  edge 

3300 

276,   277,   278 

Diagonal  at  column  at  corner  of  loaded  area 

7100 

65   to   70,   inclusive 

Long    rectangular    direction    midway 
columns 

between 

8700 

97a  to  103,  inclusive 

Short    rectangular    direction    midway 
columns 

between 

6300 

90  to  97,  inclusive 

Diagonal   across   loaded   area  midway 
columns 

between 

3900 

83    to   89,   inclusive 

Diagonal  across  corner  of  loaded  area 
between    columns 

midway 

3000 

127  to  133,  inclusive 

Long    rectangular    direction    midway 
columns  on  edge  of  loaded  area 

between 

4900 

119  to  125,  inclusive 

Short    rectangular    direction    midway 
columns  on  edge  of  loaded  area 

between 

3600 

267 

Short  rectangular  direction  just  outside  of  col- 
umn at  edge  of  loaded  area 

1200 

274,   275 

Diagonal  just  outside  of   column   at   corner  of 
loaded  area 

2800 
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eoo 


kOOOe-J  Deformation    per  Unit  of    Length  ]  Concrete 

Fig.  49.     Average  Load-deformation  Diagram  for  Test  in   Schulze  Baking 

Company  Building. 


There  were  only  two  cases  in  which  a  value  as  high  as  10,000  lb  per 
sq.  in.  was  reached. 

In  Table  7  the  average  stresses  in  steel  for  groups  of  gage  lines 
at  various  locations  are  shown.  While  these  figures  may  indicate 
correctly  the  relation  of  the  stresses  of  the  several  groups,  it  is 
recognized  that  in  a  test  where  stresses   generally  were  so  small, 
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unknown  variations  in  conditions  in  different  parts  of  the  slab,  such 
as  the  formation  of  cracks  at  certain  parts,  may  influence  the  distribu- 
tion of  stresses  more  than  some  of  the  known  elements  of  the  design. 
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Fig.  50.    Load-deformation  Diagrams  for  Gage  Lines  1  to  102  of  Test  in 
Schulze  Baking  Company  Building. 
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•  Steel 


-4oooel—  Deformation  per  unit  of  Length0conC 


Fig.  51.     Load-deformation  Diagrams  for  Gage  Lines  100  to  283  of  Test  in 
Schulze  Baking  Company  Building. 
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For  instance,  the  formation  of  cracks  at  certain  positions  may  be  a 
more  important  factor  in  stress  distribution  than  the  difference  in 
panel  length  in  the  two  directions.  In  the  use  of  this  table  such 
limitations  must  be  kept  in  mind.  Load-deformation  diagrams, 
averages  for  groups  of  gage  lines,  are  given  in  Fig.  49  and  the  dia- 
grams for  the  individual  gage  lines  are  given  in  Fig.  50  and  51. 
Unit-deformations  across  or  along  various  sections  through  the  floor 
are  shown  in  Fig.  52  to  55.  The  locations  of  the  sections  are  shown 
in  Fig.  44  and  45. 

Table  7  indicates  that  the  stress  at  the  central  column  and  the 
stress  at  the  column  on  the  edge  of  the  loaded  area  were  greater  in  the 
direction  of  the  longer  side  of  the  panel  than  in  the  direction  of 


.00036 
0003? 
.00026 
0002 a 

00020 

00016 
00012 
00000 
OQOOA 
O 


Goqe     Line      Number 

9    \2Q    121    \22  '23        124     125  70   6S 


-*- 


v- 


~Jr- 


-L 


^ 


^- 


Secrion       A  ■  A 


C 

Z) 

v_ 

a 

c 
o 


5ec'ion 
133  132    131   130  i?9     i?e  in 


A  "> 

a 

6 

0.1 

1 

i •' 

--, 

1 

'                        - 

fr- 

-- 

I 

i         — 

Ji — 

^ 

B-B 

97a  VO     99    lOO    101     10.2   i03 


Section     C   C 


Lead    189  lb.   per  sa  f  ° o 

Load    3/9 > ■ 

Load  A?>1     -      '      ■    •  c * 

Load   "122 o o 

Fig.   52.     Deformation   in    Beinforcement    in    Eectangular   Bands    Midway 
Between  Columns  in  Test  Floor  of  Schulze  Baking  Company  Building. 
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the  shorter  side.  For  the  center  of  the  span  a  similar  relation  is 
shown. 

A  comparison  of  the  deformations  at  the  left  hand  portions  of  the 
sections  shown  in  Fig.  52  with  those  at  the  right  hand  portions  shows 
that  the  average  stress  in  the  rectangular  band  at  the  edge  of  the 
loaded  area  was  considerably  less  than  that  in  the  corresponding 
band  at  the  central  portion  of  the  loaded  area.  There  is  also  an 
indication  that  the  stress  increased  (somewhat  irregularly)  from  the 
outer  portion  of  the  outer  band  at  the  edge  of  the  loaded  area 
toward  the  inner  edge  of  this  band. 

In  the  diagonal  bands  of  reinforcement  the  stress  was  about  the 
mean  of  the  average  stresses  in  the  two  rectangular  bands  for  positions 
at  the  central  column  and  at  the  center  of  the  panel  (see  Table  7). 
However,  the  stress  in  the  diagonal  band  at  the  corner  of  the  loaded 
area  was  greater  than  that  in  the  rectangular  bands  at  the  columns 
on  the  edges  of  the  loaded  area.  Only  a  few  gage  lines  were  read  at 
the  positions  near  the  edge  of  the  loaded  area  and  the  stresses  found 
there  may  not  represent  the  normal  conditions  for  such  positions. 

The  measurements  on  gage  lines  230  and  231  (taken  on  the  bars 
placed  across  the  boundary  line  between  two  panels)  indicate  an 
average  stress  of  about  3000  lb.  per  sq.  in.  at  the  maximum  load  (see 
Fig.  51).  This  would  indicate  that  such  rods  may  be  effective  in 
accomplishing  the  purpose  for  which  they  were  designed,  namely, 
the  distribution  or  prevention  of  cracks  which  are  likely  to  occur 
along  the  line  from  column  to  column.  It  indicates  also  that  rein- 
forcing bars  in  such  positions  may  be  of  considerable  value  as  rein- 
forcement for  negative  moment.  Of  course,  the  reinforcing  bars 
should  be  carried  well  beyond  the  usual  position  of  the  point  of 
inflection  to  provide  sufficient  anchorage  for  cases  of  partial  loading. 

26.  Compressive  Stresses  and  Unit-Deformations. — Table  8  gives 
average  values  of  the  compressive  unit-deformation  in  the  concrete  for 
representative  positions.  In  tests  of  girderless  slabs  high  unit- 
deformations  are  expected  on  the  bottom  of  the  depressed  head  close 
to  the  capital,  and  those  on  the  bottom  of  the  thin  portion  of  the  slab 
close  to  the  edge  of  the  depressed  head  have  been  found  to  be  nearly 
as  high.  Examination  of  the  data  of  this  test  shows  that  in  the 
rectangular  directions  the  deformations  in  these  two  places  are  not 
far  different  from  each  other. 

The  largest  compressive  unit-deformation,  0.00028,  was  found  in 
the  diagonal  direction  at  the  central  column  on  gage  line  26.  Using 
a  value  of  3,000,000  lb.  per  sq.  in.  for  the  modulus  of  elasticity  of 


74 


ILLINOIS  ENGINEERING  EXPERIMENT   STATION 


Table  8. 
Average  Compressive  Unit-Deformation  at  Maximum  Load. 


Gage  Lines 

Location  of  Gage  Lines 

Unit- 
deformation 

8,  11,  16, 

21, 

25,   31 

Long  rectangular  direction  on  bottom  of   de- 
pressed head 

.00016 

22,  32,  37 

Short  rectangular   direction   on   bottom   of   de- 
pressed   head 

.00013 

13,  61,  72 

Long   rectangular   direction    on    slab    near   de- 
pressed head 

.00012 

21.  32,  36 

Average  of   long  and   short  rectangular   direc- 
tions near  column  capital 

.00011 

61,  138 

Average  of  long   and  short  rectangular   direc- 
tions near  depressed  head 

.00013 

9,   22,  31, 

37 

Across  panel   lines,   bottom    of   depressed   head 
near  edge 

.00015 

*224  to  229  inclusive 

Long   rectangular   direction   midway  between 
columns 

.00015 

*On  upper  surface  of  slab;  all  others  on   under  surface. 

concrete  (frequently  assumed  in  such  cases),  the  corresponding  com- 
pressive stress  is  840  lb.  per  sq.  in.  A  relatively  large  unit-deforma- 
tion is  found  at  the  other  end  of  the  same  diagonal  in  gage  line  126. 
All  other  compressions  in  the  diagonal  direction  were  small. 

In  the  long  rectangular  direction  it  is  found  that  the  maximum 
deformations  would  be  cut  by  a  curved  section  through  gage  lines  8, 
11,  16,  21,  25,  and  31  (see  section  J-J,  Fig.  45).  The  average  unit- 
deformation  across  this  section  was  0.00016  (see  Table  8).  In  the 
short  rectangular  direction  the  average  unit-deformation  on  gage 
lines  22,  32,  and  37  was  0.00013. 

It  is  seen  that  in  general  the  deformations  in  the  concrete  were 
low.  With  the  concrete  intact  in  tension  the  neutral  axis  would  be 
farther  from  the  compression  face  than  it  would  be  otherwise.  For 
the  same  resisting  moment  this  would  result  in  a  smaller  compressive 
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Fig.  53.    Lateral  Distribution  of  Compressive  Deformation  on  Bottom  of 
Test  Floor  near  Depressed  Head  in  Schulze  Baking  Company  Building. 
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stress  in  the  concrete  than  if  the  concrete  had  cracked  generally  on 
the  tension  side. 

27.     Lateral  Distribution  of  Compression.— Little  compression  was 
detected  in  the  two  groups  of  gage  lines  54  to  60  and  38  to  44  (see 
section  F-F,  Fig.  45  and  53).     In  fact,  some  of  the  measurements 
indicate  a  slight   tension,   but  this  is  so  small   that  the  evidence 
should  not  be  taken  as  conclusive.     This  indicates  that  the  moment 
arm  of  the  tensile  stresses  in  the  concrete  in  the  thin  portion  of  the 
slab  may  be  determined  as  much  by  the  thickness  of  the  slab  within 
the  depressed  head  as  by  the  thickness  of  the  thinner  portion  of  the 
slab.    The  tensile  resistance  of  the  concrete  in  the  thinner  portion  of 
such  a  slab  may  thus  give  an  increased  resisting  moment  over  that  for 
a  slab  without  the  depressed  head.    This  result  suggests  also  that  with 
a  depressed  head  of  the  thickness  here  used  the  neutral  axis  is  likely 
to  be  so  close  to  the  level  of  the  bottom  of  the  thin  portion  of  the  slab 
that  the  section  of  the  slab  outside  of  the  depressed  head  may  not  be 
considered  to  contribute  very  much  to  the  compressive  stresses  of  the 
negative  resisting  moment.    Tests  to  be  used  for  comparing  slabs  hav- 
ing depressed  heads  with  slabs  which  do  not  have  them  should  employ 
loads  large  enough  to  eliminate  effects  of  the  kind  here  discussed. 
Fig.  54,  section  G-G,  shows  the  distribution  of   the   compression 
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Fig^  54.    Compressive  Deformation  on  Bottom  of  Test  Floor  near  Depressed 

HEAD,   AND   NEAR   COLUMN    CAPITAL    IN    SCHULZE    BAKING    COMPANY   BUILDING. 

which  is  developed  across  a  section  close  to  the  capital,  and  J-J  shows 
the  distribution  of  compression  which  is  developed  across  a  section  in 
the  thin  portion  of  the  slab  close  to  the  edge  of  the  depressed 
head. 

28.  Moment  Coefficients.— Assuming  that  all  the  load  is  carried 
by  flexure,  it  is  apparent  that  moment  coefficients  calculated  on  the 
basis  of  the  stress  in  the  steel  only,  wiU  not  represent  the  full  resisting 
moment  if  the  concrete  assists  in  carrying  the  tensile  stresses.  In  this 
test  the  tensile  stresses  were  so  low  that  it  is  certain  that  the  con- 
crete must  have  assisted  greatly.       However,  while  values    of    the 
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moment  coefficient  obtained  by  using  the  observed  stress  in  the  steel 
cannot  be  used  for  design,  a  comparison  of  the  coefficients  obtained 
for  different  parts  of  the  panel  may  be  of  interest. 

The  resisting  moments  of  the  stresses  in  the  reinforcement  as  given 
by  calculations  for  the  load  of  722  lb.  per  sq.  ft.  are  0.0050  Wl  for 
the  positive  and  0.0097  Wl  for  the  negative  moment,  in  which  W  is 
the  total  applied  load  on  the  panel  and  I  is  the  average  of  the  long 
and  the  short  panel  length  center  to  center  of  columns.  These  are  the 
components,  in  a  direction  parallel  with  a  panel  side,  of  the  moment 
resisted  by  the  stresses  in  all  the  reinforcement  cut  by  a  section 
across  the  entire  panel  at  a  position  of  maximum  negative  moment 
and  at  one  of  maximum  positive  moment.  The  values  given  are 
averages  of  the  moment  found  for  the  long  direction  and  the  short 
direction  of  the  panel. 

Since  no  cracks  could  be  found  in  the  concrete  it  is  certain  that 
the  tensile  stresses  in  the  concrete  must  have  assisted  very  greatly 
in  resisting  the  bending  moment.  The  bending  moment  coefficients 
given,  therefore,  are  not  values  which  may  be  used  for  design  pur- 
poses, and  as  the  concrete  may  have  given  more  assistance  relatively 
at  one  of  these  positions  than  at  the  other,  the  values  may  not  even 
give  the  correct  ratio  between  the  negative  bending  moment  and  the 
positive  bending  moment. 
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Fig. 


55.    Location  of  Points  of  Zero  Unit-deformation  on  Upper  and  Under 
Surfaces  of  Test  Floor  of  Schulze  Baking  Company  Building. 
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29.  Point  of  Inflection. — Points  of  zero  unit-deformation  on  the 
upper  and  under  surfaces  of  the  slab  in  the  direct  lines  between 
columns  may  be  taken  from  the  diagrams  showing  unit-deformation 
along  sections  W-W,  Q-Q,  L-L,  and  R-R,  Fig.  55  and  56.    These  data 


Section  l_-  L 


Load  431    lb.  per  sq.  ft  »--° 
Load  722  lb.  per  gq  ft  o--o 


5ection    R-  R 


Fig.  56. 


Location  op  Points  of  Zero  Unit-deformation  on  Under  Surface 
of  Test  Floor  of  Schultze  Baking  Comfany  Building. 


are  inconclusive,  but  the  indications  are  that  as  in  other  tests  reported 
in  this  bulletin  the  point  of  zero  unit-deformation  for  the  under  side 
of  the  slab  was  closer  to  the  column  than  that  for  the  upper  side ;  or, 
in  other  words,  the  total  tensile  stress  on  any  section  seems  to  be 
greater  than  the  total  compressive  stress.  The  presence  of  arch  action 
would  imply  an  excess  of  compression.  This  phenomenon  has  been 
observed  in  several  tests  and  its  occurrence  need  not  be  doubted.  No 
explanation  of  this  matter  is  attempted. 

30.  Columns. — The  deformations  in  the  columns  were  rather 
erratic  and  allow  interpretations  of  only  the  most  general  sort.  The 
differences  in  amount  and  character  of  deformations  on  opposite  sides 
of  the  same  column  were  sufficient  to  make  it  clear  that  there  was 
considerable  bending  of  the  columns.  The  largest  compressive  deforma- 
tion was  found  in  column  2  which  is  on  the  edge  of  the  loaded  area, 
and  the  largest  difference  between  deformations  on  opposite  sides  of 
any  column  is  found  for  column  9  at  the  corner  of  the  loaded  area. 

The  significance  of  these  observations  seems  to  lie  in  their  indica- 
tion that  the  most  important  element  of  the  deformation  developed 
in  the  columns  by  load  tests  is  that  caused  by  the  moment  of  unbal- 
anced loads  and  that  there  is  a  larger  amount  of  flexure  in  the  corner 
columns  than  in  the  columns  at  the  side  of  the  loaded  area.  The 
latter  is  indicated  also  by  the  observation  that  the  stress  was  greater 
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in  the  diagonal  band  of  slab  reinforcement  at  the  corner  of  the  loaded 
area  than  in  the  rectangular  bands  at  the  edge  of  the  loaded  area. 

31.  Examination  for  Cracks. — A  careful  examination  of  the  sur- 
faces of  the  slabs  and  columns  disclosed  no  cracks.  This  was  unex- 
pected and  it  is  the  only  case  known  personally  to  the  writers  in 
which  a  floor  loaded  to  twice  the  design  live  load  plus  the  dead  load 
did  not  develop  cracks  which  were  large  enough  to  be  found  by  a 
reasonably  careful  examination.  The  absence  of  visible  cracks  on 
the  shaft  of  the  columns  may  be  due  to  the  influence  of  the  dead 
weight  of  the  floors  above  in  overcoming  a  portion  of  the  flexural 
tension.  However,  at  certain  portions  of  the  slab  it  seems  probable  that 
there  were  very  minute  cracks  because  in  several  instances  steel  stresses 
in  the  neighborhood  of  10,000  lb.  per  sq.  in.  were  found.  Even 
though  there  may  have  been  very  minute  cracks  a  considerable  portion 
of  the  concrete  must  have  been  intact,  and  this  undoubtedly  had  a 
great  deal  to  do  with  keeping  down  the  steel  stresses. 

32.  Deflections. — Load-deflection  diagrams  are  shown  in  Fig.  57. 


Deflection   in   Inches 

Fig.  57.    Load-deflection  Diagrams  for  Floor  Test  in  Schulze  Baking  Com- 
pany Building. 


Distance  to  the  right  of  the  zero  line  represents  downward  deflection. 
The  first  set  of  readings  was  not  obtained  until  a  load  of  about  100 
lb.  per  sq.  ft.  was  on  the  floor  and  at  deflection  point  C  the  apparatus 
was  disturbed  after  the  first  set  of  readings  had  been  taken ;  hence  the 
deflection  cannot  be  shown  below  190  lb.  per  sq.  ft.  for  C  nor  below  100 
lb.  per  sq.  ft.  for  all  other  points.  The  indications  are  that  the  failure 
to  get  readings  for  zero  load  makes  little  difference  in  the  appearance 
of  the  curves.  The  small  deflections  and  the  tendencies  toward  upward 
deflection  for  the  loads  below  319  lb.  per  sq.  ft.  are  ascribed  to  the 
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rather  extreme  temperature  changes.  The  air  temperature  rose  from 
20°  F.  at  the  time  the  load  of  319  lb.  per  sq.  ft.  was  placed  to  50° 
F.  at  the  time  the  load  of  437  lb.  per  sq.  ft.  was  placed,  and  then  fell 
again  to  25°  F. 

33.  Summary  of  Results. — The  results  of  the  test  here  reported 
are  conditioned  upon  a  correct  interpretation  of  the  effect  of  the 
rather  extreme  temperature  variation  during  the  time  of  the  test 
and  of  the  assistance  given  by  the  strength  of  the  concrete  in  tension. 
A  continuation  of  the  test  to  a  point  at  which  the  concrete  in  tension 
had  cracked  generally,  probably  would  modify  many  of  the  conclu- 
sions. 

The  main  results  pointed  out  in  the  foregoing  paragraphs  or 
shown  in  the  diagrams  are : 

1  Very  few  steel  stresses  higher  than  6000  lb.  per  sq.  in.  were 
found.  On  only  two  gage  lines  did  the  observed  deformations  indi- 
cate steel  stresses  as  high  as  10,000  lb.  per  sq.  in.  The  highest  of 
these  was  14,400  lb.  per  sq.  in.,  but  the  form  of  the  curve  indicates 
that  the  initial  reading  may  have  been  in  error  and  that  10,000  lb. 
per  sq.  in.  is  a  more  probable  value. 

2  The  averages  of  the  stresses  in  the  bands  of  reinforcement 
passing  under  the  central  portion  of  the  loaded  area  were  higher 
than  averages  in  the  bands  under  the  edges  of  the  loaded  area.  In 
the  latter  also  the  stresses  in  the  inner  bars  of  the  band  (the  bars  on 
the  side  toward  the  center  of  the  loaded  area)  were  larger  than  the 
stresses  in  the  outer  bars  (lying  outside  the  loaded  area). 

3  The  stresses  in  the  reinforcement  of  the  diagonal  bands  fell 
between  the  averages  for  the  two  rectangular  bands  for  positions 
around  the  central  column  and  midway  between  columns.  The  stresses 
were  larger  in  a  diagonal  band  at  the  corner  of  the  loaded  area  than 
in  a  rectangular  band  where  it  crosses  the  edge  of  the  loaded  area. 

4  The  stresses  in  the  short  bars  placed  across  the  panel  boundary 
lines  were  low  but  large  enough  to  indicate  that  the  bars  may  be 
effective  in  distributing  or  preventing  cracks  along  the  edge  of  the 
panel. 

5  The  compressive  unit-deformations  were  low. 

6  The  compressive  deformations  across  a  section  of  the  slab  for 
gage  lines  as  near  as  possible  to  the  edge  of  the  depressed  head  were 
nearly  as  high  as  those  across  the  section  of  the  depressed  head  near 
the  edge  of  the  capital. 

7  The  largest  compressive  unit-deformation  was  found  in  the 
diagonal  direction  at  the  central  column. 
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8  The  portions  of  the  slab  beyond  the  edge  of  the  depressed  head 
did  not  develop  compressive  stresses  on  the  under  side  in  a  direction 
parallel  to  that  edge. 

9  Moment  coefficients  calculated  on  the  basis  of  the  steel  stresses 
developed  are  exceedingly  low.  That  for  a  position  of  maximum 
negative  moment  is  about  twice  as  large  as  that  for  a  position  of 
maximum  positive  moment. 

Especial  emphasis  should  be  placed  on  the  fact  that  these  coeffi- 
cients cannot  be  taken  as  indicating  the  total  resisting  moment  devel- 
oped. 

10  The  indications  arc  that  the  bending  of  the  columns  was  an 
important  feature  of  the  action  of  the  structure.  The  largest  bending 
apparently  occurred  in  a  column  at  the  corner  of  the  loaded  area. 

V.     The  Worcester  Slab  Test. 

34.  Tlie  Test  Structure. — The  structure  on  which  the  test  was 
made  was  built  especially  for  the  test  and  was  located  near  Worcester, 
Mass.  The  slab  was  designed  with  the  object  of  obtaining  information 
on  the  effect  of  (1)  different  methods  of  arranging  and  distributing 
the  reinforcement,  and  (2)  variation  in  size  of  column  capital.  Fig. 
58  gives  the  general  design  of  the  structure. 

In  order  to  avoid  as  far  as  possible  lack  of  uniformity  in  condi- 
tions of  building  and  testing  the  different  parts  and  in  order  to 
reduce  the  proportion  of  the  number  of  wall  panels  to  interior  panels, 
the  four  types  of  design  used  were  placed  in  the  four  quadrants  of 
a  single  slab  four  panel  lengths  (56  ft.)  square.  This  gave  a  group 
of  four  panels  to  each  of  the  four  designs  and  a  column  in  the  center 
of  each  group.  The  details  of  the  slab  are  shown  in  Fig.  58.  The 
arrangements  of  slab  reinforcement  at  the  column  capitals  for  the 
various  groups  were  as  follows : 

Group  I  All  tension  reinforcement  was  placed  in  the  diagonal 
bands.  The  rectangular  bands  lay  in  the  bottom  of  the  slab  and 
afforded  compression  reinforcement  at  the  column  capitals. 

Group  II  Both  rectangular  and  diagonal  reinforcement  were  in 
the  top  of  the  slab.  There  was  no  reinforcement  in  the  bottom  of 
the  slab  at  the  columns. 

Group  III  All  tension  reinforcement  was  placed  in  the  diagonal 
bands.  The  bars  of  rectangular  bands  did  not  pass  over  the  column 
capitals.  There  was  no  reinforcement  in  the  bottom  of  the  slab  at 
these  positions. 
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Group  IV  Reinforcement  was  the  same  as  in  Group  II  but  the 
column  capital  was  smaller. 

The  amount  and  distribution  of  the  tension  reinforcement  at  the 
column  capitals  in  each  of  the  four  groups  were  such  that  if  planes 
were  passed  cutting  each  band  at  right  angles  outside  the  column 
capital  the  total  area  of  steel  in  the  top  of  the  slab  so  cut  in  an 
angular  distance  of  180°  around  the  column  was  4.86  sq.  in.,  the  same 
for  all  groups.  It  should  be  noted,  however,  that  the  effect  of  the 
reinforcement  in  producing  resisting  moment  across  a  panel  edge 
will  not  be  exactly  the  same  for  all  groups.  In  the  group  having  only- 
diagonal  bands  a  calculation  of  the  rectangular  component  of  the 
resisting  moment  (the  component  in  a  direction  at  right  angles  to  the 
edge  of  the  panel)  will  be  about  one-sixth  greater  than  the  rectangular 
component  of  the  resisting  moment  of  the  reinforcement  in  the 
groups  having  both  diagonal  bands  and  cross  bands.  This  area 
includes  the  section  of  tension  reinforcement  which  in  Groups  II  and 
IV  consists  of  two  rectangular  bands  and  two  diagonal  bands;  in 
Groups  I  and  III  this  area  is  the  section  of  two  diagonal  bands. 

At  points  midway  between  columns,  both  in  the  rectangular  and 
in  the  diagonal  directions,  the  amount  and  distribution  of  the  rein- 
forcement were  the  same  for  all  groups.  In  Group  III  the  bars  in 
the  rectangular  bands  ended  near  the  probable  points  of  inflection  and 
were  not  bent  up  in  any  way.  The  total  area  of  cross-section  of  two 
rectangular  bands  and  two  diagonal  bands  was  4.2  sq.  in. 

Midway  between  columns  two  bars  %  in.  in  diameter,  6  ft.  long, 
were  placed  in  the  top  of  the  slab  across  the  panel  boundary,  that 
is,  normal  to  the  direction  of  the  rectangular  bands  of  reinforcement. 

The  panel  length  was  14  ft.  center  to  center  of  columns  in  all 
panels.  The  diameter  of  the  top  of  column  capital  was  4  ft.  6  in.  for 
Groups  I,  II,  and  III,  and  2  ft,  9  in.  for  Group  IV.  The  ratios  of 
these  capital  diameters  to  the  panel  length  were  0.321  and  0.196 
respectively.  The  average  of  all  the  measured  thicknesses  of  the  slab 
was  4.93  in.    The  average  measured  depth  to  the  center  of  gravity  of 

Table  9. 

Calculated  Soil  Pressure  and  Measured  Settlement  for  Uniform 

Load  of  215  lb.  per  Sq.  Ft. 

„  ,  -.      ,  Soil   Pressure  Average  Settlement 

Column    Numbers  lb    per  sq    ft  in 


El  Al  E5  A5 

1600 

.11 

E2  Dl  Bl  A2  E4  D5    Bo  A4 

2300 

.235 

CI  A3  C5  E3 

2000 

.27 

D2  B2  D4  B4 

3000 

.39 

C2   B3  C4  D3 

2700 

.27  + 

C3 

2400 

.37 
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the  bands  of  reinforcement  was  1.04  in.  midway  between  columns  and 
1.63  in.  near  the  columns  for  the  four  groups. 
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Fig.  58.     Dimensions  and  Eeinforcino 
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The  footings  for  the  interior  columns  were  5  ft.  square,  for  the 
corner  columns  3  ft.  square,  and  for  the  columns  at  the  edges  4  ft. 
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square.  It  seems  likely  that  the  unit  pressure  on  the  soil  was  greater 
for  the  interior  footings  than  for  the  footings  at  the  corners  and  edges 
of  the  slab.  Table  9  gives  soil  pressure  calculated  on  the  assumption 
that  the  total  footing  pressures  were  equal  to  the  sums  of  the  reactions 
of  two  systems  of  four-span,  freely  supported,  continuous  beams  cross- 
ing each  other  at  right  angles. 

35.  The  Test. — Preparations  for  testing  were  started  on  July  17, 
1913,  the  loading  began  on  July  28,  1913,  and  the  last  readings  were 
taken  on  August  2,  1913.  At  the  time  of  the  test  the  concrete  was 
about  3y2  months  old. 

Gravel  from  the  bank  close  at  hand  was  used  as  loading  material. 
The  location  of  the  slab  on  the  side  of  the  gravel  hill  allowed  con- 
venient access  to  loading  material.  A  runway  was  built  from  the  test 
slab  to  a  point  on  the  gravel  bank  somewhat  above  the  elevation  of 
the  slab  so  that  even  at  the  higher  loads  little  elevating  of  the  loading 
material  was  necessary. 

As  explained  in  the  following  article,  it  was  necessary  to  take 
strain  gage  readings  early  in  the  morning.  This  made  it  difficult 
to  obtain  readings  with  the  load  uniformly  distributed  over  the 
slab.  It  was  planned  to  make  each  increment  of  load  such  that  it 
could  be  completed  in  a  day,  but  these  plans  were  interfered  with  by 


(a)  Monday  Evening   7-28-13 
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(b)  Tuesday  Evening  7-29-13 


(c)  Wednesday  Evening  7-30-13 
I02lb.persq.fi. 


215  lb.  per  sq.ft. 
HJ  250lb.persq.ff. 
Hf   ZZB  lb.  per  sq.ft. 


(d)  Thursday  Evening  7-31-13        (e)  Friday  Evening  8-1-13 


Fig.  59.     Plan  Showing  Distribution  of  Load  over  Worcester  Test  Floor  at 
Successive  Stages  of  the  Test. 
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rainy  weather,  by  labor  troubles,  and  by  the  failure  of  a  portion  of 
the  slab  at  a  load  between  215  and  250  lb.  per  sq.  ft.,  a  smaller  load 
than  it  was  expected  to  carry.  Fig.  59  indicates  the  intensity  of  the 
load  upon  the  various  portions  of  the  slab  at  various  times.  After 
taking  the  readings  at  the  maximum  load  the  test  was  discontinued, 
the  slab  being  left  with  the  load  upon  it. 

Measurements  were  taken  of  deformation  in  the  steel  and  in  the 
concrete,  of  deflections  at  the  centers  of  the  four  interior  panels,  and 
of  settlement  of  footings. 

Measurements  of  deformation  were  taken  on  313  gage  lines  (see 
Fig.  60,  61,  and  72).  Of  these  281  were  on  the  slab  and  32  were 
on  the  columns.  Of  the  gage  lines  on  the  slab  113  were  on  the  con- 
crete and  168  on  the  steel.  The  strain  gage  observations  were  made 
by  Professor  H.  F.  Moore  of  the  University  of  Illinois  and  Mr. 
Slater.  Great  care  was  exercised  in  obtaining  initial  or  zero  readings. 
On  a  predetermined  set  of  gage  lines  each  observer  took  two  inde- 
pendent sets  of  strain  gage  readings.  Then  instruments  and  assign- 
ments of  gage  lines  were  exchanged  and  a  third  set  of  zero-load 
observations  was  taken.  In  this  way  three  independent  observations 
were  taken  on  each  gage  line.  Time  was  taken  then  to  compare  the 
corrected  observations  before  proceeding  with  the  loading.  It  was 
found  that  there  was  serious  lack  of  agreement  not  only  between  the 
check  readings  taken  by  the  two  observers  but  also  between  check 
readings  taken  on  the  same  gage  line  by  either  observer,  the  amount 
of  the  discrepancy  depending  somewhat  on  the  time  of  day  the  observ- 
ations were  taken. 

Evidence  was  found  indicating  that  temperature  variation  through- 
out the  day  was  responsible  for  the  discrepancies  between  check 
readings  and  that  the  discrepancies  could  be  reduced  greatly  by 
taking  readings  early  in  the  morning.  Accordingly,  the  first  three 
series  of  zero-load  readings  were  disregarded  and  one  new  series  was 
taken  by  each  observer  on  all  the  313  gage  lines,  beginning  at  4:20 
a.  m.  August  28  and  finishing  a  little  before  9  a.  m.  of  the  same  day. 
The  readings  thus  obtained  gave  satisfactory  checks  on  accuracy  of 
observation.  All  subsequent  strain  gage  readings  except  those  used 
for  special  purposes  were  taken  between  about  4  a.  m.  and  7  a.  m. 
This  experience  is  given  in  some  detail  because  it  suggests  some  of 
the  difficulties  attending  the  carrying  out  of  experimental  work  of  this 
character. 

In  order  to  obtain  information  which  might  be  expected  to  have 
the  widest  range  of  applicability  without  undue  expenditure  of  time, 
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Fig.  60.     Location  of  Gage  Lines  on  Upper  Surface  of  Worcester  Test  Floor. 


it  was  decided  to  use  a  large  number  of  gage  lines  in  one  group  and  a 
smaller  number  in  each  of  the  other  groups.  It  was  expected  that  the 
ratios  of  stresses  in  interior  panels  to  those  at  similar  positions  in  wall 
panels  would  be  about  the  same  for  all  groups  so  that  a  detailed  study 
of  one  panel  would  allow  the  missing  parts  of  the  data  of  the  other 
panels  to  be  filled  in.  Group  IV  was  chosen  as  being  the  most  suit- 
able for  this  purpose  because  with  its  smaller  capital  it  would  be 
expected  to  show  higher  stresses  and  because  the  size  of  its  capital 
seemed  to  be  nearer  general  practice  than  was  that  of  the  other 
capitals.  The  results  of  the  test  seem  to  indicate  that  the  assumption 
as  to  comparative  values  of  stress  in  similarly  located  positions  was 
not  justified.  This  probably  was  due  largely  to  the  complications 
caused  by  the  settlement  of  columns. 
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Fig.  CI.     Location  of  Gage  Lines  on  Under  Surface  of  Worcester  Test  Floor. 

Deflections  were  measured  at  the  center  of  the  inner  panel  of  each 
of  the  four  groups,  but  these  are  so  affected  by  the  large  settlement  of 
column  footings  that  slight  importance  is  attached  to  them. 

Settlement  of  footings  was  measured.  A  large  amount  of  settle- 
ment, of  course,  was  not  anticipated  and  it  was  thought  at  first  that 
measurement  of  settlement  of  the  footings  at  the  corners  and  at  the 
centers  of  each  of  the  four  groups  would  be  sufficient.  These  measure- 
ments were  taken  by  means  of  a  deflectometer  (see  Fig.  17a,  Bulletin 
64  of  the  University  of  Illinois  Engineering  Experiment  Station). 
When  a  load  of  100  lb.  per  sq.  ft.  had  been  applied  to  the  slab  it  was 
found  that  the  settlement  was  so  large  as  not  to  justify  so  great  refine- 
ment of  measurement,  and  the  difficulty  of  keeping  the  apparatus  in 
adjustment  in  the  presence  of  so  many  laborers  led  to  the  abandonment 
of  this  method  and  to  the  use  of  an  engineer's  level  as  a  means  of 
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measuring  further  settlement.  Average  amounts  of  settlement  are 
shown  in  Table  9. 

36.  Phenomena  of  the  Test. — The  application  of  load  was  begun 
on  Monday  morning,  July  28,  1913.  The  first  increment  of  load, 
approximately  100  lb.  per  sq.  ft.  over  the  entire  slab,  was  completed 
on  July  29.  Strain  gage  readings  for  the  load  of  100  lb.  per  sq.  ft. 
were  taken  from  4 :00  to  8 :00  a.  m.  on  July  30.  At  this  load  a  crack 
was  observed  across  gage  line  581  (at  the  edge  of  the  capital  of  the 
wall  column),  the  stress  at  this  place  being  9000  lb.  per  sq.  in.  No 
other  cracks  were  recorded  for  this  load,  but  stresses  in  the  reinforce- 
ment were  nearly  10,000  lb.  per  sq.  in.  in  several  gage  lines  at  the 
center  column  of  Group  IV  on  the  diagonal  band ;  also  at  the  corner 
and  wall  columns  of  the  same  group.  Therefore,  it  seems  nearly  cer- 
tain that  other  cracks  were  present  at  such  places. 

At  the  load  of  100  lb.  per  sq.  ft.  it  was  found  that  there  was  con- 
siderable settlement  of  the  footings. 

On  July  30  additional  load  was  applied  to  Groups  II,  III,  and 
IV,  bringing  the  load  on  this  area  up  to  215  lb.  per  sq.  ft.  while 
Group  I  still  had  only  100  lb.  per  sq.  ft.  Strain  gage  readings  were 
taken  on  July  31  from  4 :00  to  7  :00  a.  m.  with  this  load  in  position. 
This  load  is  referred  to  later  as  the  load  of  215  lb.  per  sq.  ft.  and  its 
distribution  is  shown  in  Fig.  59. 

At  this  stage  of  loading  cracks  appeared  on  the  outer  surface  of 
column  D5  across  gage  lines  8  and  9,  Fig.  73,  which  were  on  the 
column  reinforcement  at  the  lower  part  of  the  bell-shaped  portion  of 
the  column.  The  unit-deformation  in  gage  line  9  across  the  lower 
crack  corresponded  to  a  stress  of  46,000  lb.  per  sq.  in.  In  gage  line 
10,  which  was  at  the  bottom  of  the  bell-shaped  portion  of  the  column 
and  below  the  cracks,  so  great  an  elongation  had  taken  place  that  the 
reading  was  beyond  the  range  of  the  instrument.  A  rough  measure- 
ment indicated  a  unit-deformation  at  this  place  of  0.006.  These  high 
elongations  indicate  that  at  this  stage  of  the  test,  however  much  slip 
of  column  bars  there  may  have  been,  the  cracks  were  in  part  due  to 
the  very  high  stresses  in  the  reinforcement. 

At  the  same  stage  of  the  test,  at  the  central  columns  of  the  groups 
and  midway  between  the  columns  the  stresses  in  the  slab  reinforce- 
ment quite  generally  had  reached  15,000  to  20,000  lb.  per  sq.  in. 
The  stresses  in  the  slab  reinforcement  at  the  wall  columns  and  at  the 
outer  corner  columns  of  Group  IV  were  much  higher.  The  deforma- 
tions at  the  latter  places  corresponded  to  from  40,000  to  50,000  lb. 
per  sq.  in.  in  several  instances,  a  value  beyond  the  yield-point  of  the 
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steel.  The  highest  deformations  in  the  slab  reinforcement  were  in 
the  diagonal  band  at  column  A5,  and  scaling  of  one  of  the  bars  at  this 
place  was  noted,  indicating  that  the  bar  had  been  stressed  to  the  yield 
point. 

At  a  load  of  a  little  more  than  100  lb.  per  sq.  ft.  a  crack  had 
appeared  on  the  bottom  of  the  slab  of  Group  IV,  describing  approxi- 
mately a  quadrant  of  a  circle  having  a  radius  of  about  6  ft.  with 
column  A5  in  the  center  of  the  circle.  This  crack  was  fairly  large 
when  first  noticed  and  increased  in  size  quite  rapidly  as  the  loading 
progressed.  After  completing  the  strain  gage  readings  for  the  load 
of  215  lb.  per  sq.  ft.  on  Group  II,  III,  and  IV  more  gravel  was  placed 
upon  Group  I,  bringing  the  load  up  to  215  lb.  per  sq.  ft.  over  the 
entire  four  groups.  No  readings  were  taken  at  this  stage  but  another 
increment  was  begun  by  applying  load  to  Group  IV  in  the  position 
indicated  in  Fig  59d.  About  one-fourth  of  Group  IV  had  been 
loaded  to  an  intensity  of  250  lb.  per  sq.  ft.  when  failure  of  the  slab 
in  this  group  occurred,  allowing  the  slab  at  the  center  of  the  corner 
panel  to  deflect  about  8  in.  and  to  settle  down  upon  the  4  by  4-in.  post 
which  had  been  used  as  a  datum  for  the  measurement  of  deflections. 
Except  for  the  presence  of  this  post  it  seems  likely  that  the  slab  in 
Group  IV  would  have  fallen  at  this  time.  Large  tension  cracks 
appeared  at  the  middle  of  the  exterior  corner  panel  and  over  the  edges 
of  several  of  the  column  capitals  of  this  group,  and  there  were  appear- 
ances of  diagonal  tension  failure  around  column  B4,  but  it  seems  likely 
that  this  was  a  result,  or  at  most  a  secondary  cause,  of  failure.  That 
this  is  true  is  indicated  by  high  deformations  at  various  places  under 
the  load  of  215  lb.  per  sq.  ft.  Some  bending  of  column  A5  was 
visible,  although  the  column  had  shown  no  structural  defects. 
Column  B5  showed  structural  defects  previous  to  applying  the  load 
and  high  stresses  were  developed  in  the  reinforcement  of  the  slab 
near  this  column,  but  the  column  did  not  fail.  The  defects  appeared 
to  be  due  mostly  to  the  first  pouring  of  the  concrete  having  been  car- 
ried too  high  on  the  column.  A  portion  of  the  bell  was  filled  with  the 
first  pouring,  and  the  inability  of  the  concrete  in  the  expanded  portion 
of  the  column  to  follow  down  into  the  shaft  of  the  column,  as  shrinkage 
developed  with  setting,  appears  to  have  left  voids  in  the  concrete  at 
the  place  where  the  bell  begins.  Some  other  columns  showed  the 
same  features,  but  to  a  smaller  extent  than  in  the  case  of  column  B5. 

The  area  and  intensity  of  the  load  on  Group  IV  at  the  time  of  its 
failure  is  shown  in  Fig.  59d.  No  more  load  was  applied  to  this  part 
of  the  slab  and  with  continued  application  of  load  in  the  other  groups 
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the  signs  of  distress  in  column  D5,  noted  in  a  previous  paragraph, 
increased.  Slipping  of  the  concrete  at  the  top  of  the  column  along 
the  column  reinforcing  bar  took  place  and  the  crack  across  gage  line 
8  opened  greatly.  At  the  same  time  bending  in  column  E5  near  the 
junction  of  the  shaft  with  the  bell  became  visible  and  a  construction 
joint  opened  (see  Fig.  73).  When  about  three  eighths  of  Group  II 
was  covered  with  328  lb.  per  sq.  ft.,  the  remainder  of  the  slab  having 
only  215  lb.  per  sq.  ft.,  the  condition  of  this  portion  of  the  structure 
became  critical  and  loading  was  discontinued. 

The  distribution  of  the  maximum  load  over  the  entire  slab  is 
shown  in  Fig  59e.  Yielding  of  column  D5  seems  to  have  brought 
about  the  critical  condition  existing  in  Group  II  at  the  maximum 
load.  This  column  did  not  fail  completely  but  it  had  yielded  to  such 
an  extent  that  a  heavy  stress  was  thrown  into  the  reinforcement  ex- 
tending from  this  column  to  column  D4. 

The  settlement  of  the  footings,  which  was  observed  to  have  begun 
before  the  completion  of  the  100-lb.  per  sq.  ft.  load,  continued,  and  at 
the  higher  loads  the  difference  in  elevation  of  certain  parts  of  the  slab 
could  be  observed  by  sighting  along  the  under  sides  of  the  column 
capitals.  At  the  maximum  load  the  settlement  of  column  D4  was 
2  1/16  in.  Other  columns  had  settled  appreciably  but  no  other  so 
much  as  column  D4,  and  there  was  no  uniformity  in  the  amount  of 
settlement  for  the  various  columns. 

37.  Usefulness  of  Results  of  Test. — The  large  amount  of  settle- 
ment of  the  footings  and  its  unevenness  throw  serious  complications 
into  the  interpretation  of  the  results  of  the  test.  It  seems  probable 
that  the  distribution  of  stresses  may  have  been  dependent  as  much 
upon  the  relative  amounts  of  settlement  of  the  various  footings  as 
upon  the  variation  in  distribution  of  the  reinforcement.  In  the  fol- 
lowing paragraphs  comparisons  are  given  of  the  stresses  and  deforma- 
tions found  at  various  positions  on  the  slab  and  the  discussion  of  the 
effect  of  certain  features  of  the  design  on  the  stresses.  Such  compari- 
sons must  be  considered  to  be  qualitative  and  not  to  show  quantitative 
variations,  and  further  tests  may  show  errors  in  conclusions  based 
upon  such  comparisons. 

Notwithstanding  the  limitations  to  the  usefulness  of  the  data  it  is 
believed  that  a  presentation  of  the  observed  deformations  is  of  value. 
These  are  shown  in  Fig.  62  and  63. 

38.  Effect  of  Variation  in  the  Distribution  of  Reinforcement. — 
An  examination  of  Table  10  shows  the  same  average  steel  stress  in  the 
slab  at  the  central  column  of  Group  I  as  that  at  the  central  column  of 
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Table  10. 
Average  Stresses  in  Tension  Eeinforcement  ;  Comparison  of 

Groups. 

These  stresses  are   based  upon  an  assumed  modulus  of  elasticity  of   30  000  000  lb.  per 

sq.   in. 


Location  and  Direction 

of 
Gage  Lines 

Gage  Lines 

Stress  in  Reinforcement 
lb.  per  sq.   in. 

Group 

Load  102  lb. 
per  sq.  ft. 

Load  215  lb. 
per  sq.  ft. 

Midway     i  Rect. 
between    < 
Columns   f  Diag. 

117  to  121 
122  to  126 

5800 
1000 

24700 
5200 

t 

A6              i  Rect. 
Central     ■< 
Column     r  Diag. 

163  to  168 

4300 

8500 

Midway    \  Rect. 
between    < 
Columns   /  Diag. 

217  to  221 

222  to  226 

5100 
2800 

25700 
7300 

II 

Ab              l  Rect. 
Central     < 
Column     f  Diag. 

251  to  256 

and  257  to  262 

263  to  268 

3400 
2400 
4500 

7500 
4500 
8500 

Midway     i  Rect. 
between    < 
Columns   '  Diag. 

317  to  320 
322  to  326 

6700 
4000 

14600 
8500 

III 

At!              1  Rect. 
Central     < 
Column     /  Diag. 

363  to  368 

5600 

15400 

Midway     t  Rect. 
between    < 
Columns   /  Diag. 

*471  to  475 
476  to  480 

4000 
3900 

18000 
10500 

IV 

Ati 

Central    « 
Column 

Rect. 
Diag. 

503,    509,    514, 
522,    529,    535, 
536 

537,    538,    539, 
540,  542,   542a, 
543,   544,   545.1, 
545.2 

4200 
7200 

23700 
26500 

Ratio   of   stresses 
in  group  IV  to 
average  stresses 
in  groups  I,  II, 
and  III 

Midway     I  Rect. 
between    < 
Columns    '  Diag. 

0.70 
1.53 

0.83 
1.50 

At              l  Rect. 
Central     < 
Column     f  Diag. 

1.45 
1.51 

3.86 
2.41 

*Area    immediately    over    these    gage 
Fig.    74. 


lines    not    fully    loaded.      See    observation    boxes, 


Group  II  at  215  per  sq.  ft.,  and  nearly  the  same  in  the  two  locations  at 
102  lb.  per  sq.  ft.  This  does  not  indicate  that  the  difference  in  distribu- 
tion of  reinforcement  had  much  effect  on  the  steel  stress.  Likewise  a 
comparison  of  the  slab  stresses  and  deformations  on  the  upper  and  un- 
der sides  of  the  slab  at  the  columns  of  Groups  I,  II,  and  III  (see  Tables 

10  and  11)  shows  little  difference  which  it  is  thought  can  be  attributed 
to  the  fact  that  Group  I  had  compression  reinforcement  while  Groups 

11  and  III  had  none. 

39.  Effect  of  Variation  in  Size  of  Capital. — A  comparison  of  the 
stresses  in  the  steel  and  the  deformations  in  the  concrete  at  the  central 
capital  of  Group  II  with  those  at  corresponding  positions  in  Group  IV 
may  be  expected  to  show  the  effect  of  the  difference  in  the  size  of  capi- 
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•  Steel 


Deformation    per    Unit  of   Length   e  Conc 


Fig.   62.     Load-deformation  Diagrams   Arranged  for  Comparison   of  Groups 
in  Worcester  Test  Floor 
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'1-      Deformation    per    Unit   tf    Lenqth  #5reel 

J  o  Concrete 

i  ig.  63.     Additional  Load-deformation  Diagrams  for  Gage  Lines  of  Worcester 

Test  Floor. 
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Table  11. 

Average  Compressive  Unit-Deformations  in  Concrete  ;  Comparison 

of  Groups. 


Location  and  Direction 

of 

Gage  Lines 

Gage  Lines 

Unit-deformation 

Group 

102   lb. 
per  sq.  ft. 

215  lb. 
per  sq.  ft. 

I 

At  Central     j 
Column      >- 

Rect. 
Diag. 

101  to  106 

107,    108,    109, 
115,    116 

.000048 
.000045 

.000187 
.000258 

II 

At  Central     ) 
Column 

Rect. 
Diag. 

201  to  206 
207,    208,    209,*    216 

.000038 
.000063 

.000197 
.000099 

III 

At  Central     j 

Rect. 

301  to  306 

.000133 

.000287 

Column      !- 

Diag. 

307,    308,    309, 
315,    316 

.000210 

.000429 

IV 

Midway  between 
Columns 

Rect. 

546  to  557 

.000067 

.000333 

At  Central    \ 
Column     ( 

Rect. 

404,    401,    416, 
415,    413 

.000135 

.000461 

\ 

Diag. 

429,   430,    431,   438,   439 

.000188 

.000568 

*215   indicated   tension   and    was   omitted. 

tals  since  the  design  of  these  groups  was  the  same  in  other  respects. 
Such  a  comparison  shows  that  the  stresses  and  deformations  were  con- 
siderably larger  in  the  case  of  the  smaller  capital  (see  Tables  10  and 
11  and  Fig.  62).  A  comparison  of  Groups  II  and  III  with  Group  IV 
shows  nearly  the  same  results. 

Attention  may  well  be  called  to  the  width  and  thickness  of  the  large 
capitals  which  approach  the  dimensions  sometimes  given  to  the 
depressed  head  used  over  column  capitals.  It  seems  evident  that  the 
conditions  are  different  from  those  of  the  ordinary  column  capital. 

It  is  seen  that  the  stresses  in  the  steel  in  Group  IV  at  the  102-lb. 
load  were  about  50  per  cent  greater  than  the  corresponding  average 
stresses  in  the  other  groups  except  at  the  center  of  the  rectangular 
band  in  which  case  it  was  30  per  cent  less. 

The  load  of  102  lb.  per  sq.  ft.  was  used  for  this  comparison  because 
at  the  higher  load  (215  lb.  per  sq.  ft.)  Group  IV  was  on  the  point  of 
failure,  and  the  excessive  stresses  at  this  load  are  believed  to  be  due 
partly  to  a  yielding  of  certain  parts  of  the  slab,  which  apparently  had 
already  taken  place. 

40.  Comparison  of  Interior  Panels  icitli  Exterior  Panels. — An 
examination  of  Table  12  indicates  a  smaller  stress  in  the  diagonal  at 
the  center  of  the  corner  panel  of  Group  IV  than  at  the  center  of  the 
interior  panel.    In  this  connection  it  will  be  recalled  that  the  corner 
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Table  12. 

Average  Stresses  in  Tension  Reinforcement  Midway  Between  Col- 
umns in  Group  IV ;  Comparison  of  Interior  Panels  with 
Exterior  Panels. 

By  term  corner  panel  is  meant  a  panel  having  two  exterior  edges. 
By  term  wall  panel  is  meant  a  panel  having   one  exterior  edge. 
By  term  interior  panel  is  meant  a  panel  having  no  exterior  edges. 


Location  and  Direction 

of 

Gage  Lines 

Gage  Lines 

Stress  in  Reinforcement 
lb.  per  sq.  in. 

Load  102  lb. 
per  sq.  ft. 

[Load  215  lb. 
1      per  sq.  ft. 

Diagonal 

Corner  panel 

453,    454,    455 

3100 

5600 

Diagonal 

Wall  panel 

443  to  447 
466  to  470 

3700 
4600 

18600 
14900 

Diagonal 

Interior  panel 

476  to  480 

3900 

10400 

Rectangular 

Between  corner  panel  and 
wall  panel 

*448  to  452 
458  to  462 

3800 
8100 

29200 
40800 

Rectangular 

Between   wall   panel   and 
interior  panel 

*471  to  475 

4100 

18000 

Rectangular 

Exterior     edge     of     wall 
panel 

463,    464,    465 

5900. 

17900 

Rectangular 

Exterior    edge   of    corner 
panel 

456,    457 

4500 

8500 

*Area 
Fig.  74. 


immediately   over   these    gage    lines    not    fully    loaded.       See    observation    boxes, 


panel  was  the  first  to  show  distress  by  the  appearance  of  a  large 
crack  across  the  diagonal  band  of  reinforcement.  The  average  of  the 
steel  stresses  in  the  diagonal  bands  at  the  center  of  wall  panels  of 
Group  IV  was  larger  than  the  corresponding  stresses  in  the  interior 
panel  for  loads  of  102  and  215  lb.  per  sq.  ft.  In  the  rectangular  bands 
lying  between  Avail  panels  and  corner  panels  at  points  midway 
between  columns  the  steel  stresses  were  considerably  greater  than  the 
stresses  in  the  bands  between  the  wall  panels  and  interior  panels.  These 
comparisons  are  for  cases  where  bending  of  columns  at  the  edge  or 
corner  of  the  slab  may  be  expected  to  influence  the  amount  of  the 
moment  carried  by  the  slab  at  the  center  of  the  span.  The  conclusion 
seems  justified  that  the  bending  of  the  wall  columns  was  sufficient  to 
allow  a  material  increase  in  the  moment  near  the  center  of  the  rec- 
tangular span.  The  position  and  size  of  the  cracks  indicate  that  the 
proportional  increase  in  the  moment  near  the  center  of  the  diagonal 
in  the  corner  panel  was  still  larger  though  the  location  of  the  gage  lines 
Avas  such  as  not  to  shoAv  that  this  Avas  true. 

41.  Stress  at  Exterior  Edge  of  Slab. — Tables  13  and  14  Avere  pre- 
pared to  shoAv  a  comparison  of  stresses  and  unit-deformation  at  the 
exterior  edge  of  a  panel  A\Tith  those  at  similar  positions  on  an  interior 
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Table  13. 

Average  Stresses  in  Tension  Eeinforcement  ;  Comparison  of  Ex- 
terior Rectangular  Bands  with  Interior  Rectangular  Bands. 


Stress  in  Reinforcement 

Group 

Location  of  Gage  Lines 

Gage   Lines 

lb.   pei 

sq  in. 

Load  102  lb. 

Load  215  lb. 

per  sq.  ft. 

per  sq.  ft. 

II 

Outer  edge  wall  panel 

227,  228 

6800 

17500 

II 

Between   wall   panel   and 
interior  panel 

217  to  221 

5100 

26200 

III 

Outer  edge  corner  panel 

327,  328 

*1800 

18000 

III 

Between   wall   panel   and 
interior  panel 

317  to  320 

*3600 

14500 

IV 

Exterior   edge   corner 
panel 

456,  457 

4500 

8500 

IV 

Exterior  edge  wall  panel 

463,   464,   465 

5900 

17900 

IV 

Between    corner   panel 
and  exterior  panel 

448  to  452 
458  to  462 

3800 
8100 

29200 
40800 

IV 

Between   wall  panel   and 
interior   panel 

471   to  475 

4100 

18000 

*No    values   tabulated;    these   obtained    from  load-deformation  curves. 


Table  14 

Average  Unit-Deformation  in  Concrete  ;   Comparison  of  Exterior 
Edges  with  Interior  Edges  of  Panels 

Plus    indicates   extension    and    minus    indicates  shortening 


Gage  Lines 

Unit-deformation 

Location  of  Gage  Lines 

Load  102  lb. 

Load  215  lb. 

per  sq.  ft. 

per  sq.  ft. 

Exterior  edge  of  wall  panel 

565 
583 

— .00002 
+.00107 

— .00031 

+  .00328 

Between   wall   panel   and   interior   panel 

546  to  557 

— .00007 

— .00033 

Exterior    edge   of    corner   panel 

572 
577 

— .00002 
— .00005 

— .00016 

— .00064 

Between   corner  panel   and  wall  panel 

558  to  564 

— .00006 

— .00041 

edge  of  the  panel.  The  conditions  at  an  exterior  edge  of  the  panel  are 
not  shown  to  be  more  severe  than  at  an  interior  edge.  This  fact  is  of 
importance  in  its  bearing  on  the  action  of  a  flat  slab  built  without 
beams  at  the  exterior  edges. 

42.  Point  in  Inflection. — In  Group  IV,  for  purposes  of  detecting 
the  point  of  inflection,  gage  lines  were  placed  on  the  upper  and  under 
surfaces  of  the  slab  along  the  line  joining  the  centers  of  the  columns  B4 
and  B3.  Fig  64  shows  the  positions  of  the  gage  lines  and  the  variation 
in  unit-deformation  along  this  line.    In  using  the  figure  it  should  be 
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Fig.   64 


Upper  surface 
o o  Under  surface 


Column  B4- 
Location  of  Points  op  Zero  Unit-Deformation  for  Upper  and 
Under  Surfaces  in  Group  IV  of  Worcester  Test  Floor. 


borne  in  mind  that  settlement  of  footings  probably  had  much  to  do 
with  the  location  of  the  point  of  inflection.  It  appears  that  the  point 
of  zero  deformation  on  the  upper  side  of  the  slab  was  farther  from  the 
column  than  that  on  the  under  side  for  both  the  interior  panels  and  the 
wall  panel.  A  probable  position  for  the  point  of  inflection,  as  shown 
by  the  intersection  of  the  curves  in  Fig.  64,  is  about  33-in.  from  the 
column  center  for  both  wall  panel  and  interior  panels.  This  corre- 
sponds to  17/100  of  the  panel  length  from  the  edge  of  the  column  capi- 
tal and  to  20/100  of  the  panel  length  from  the  center  of  the  column. 
43.  Locus  of  Highest  Stress. — In  Group  IV  gage  lines  were  laid 
out  on  upper  and  under  surfaces  of  the  slab  with  a  view  to  determining 
the  locus  of  the  highest  stress  developed  in  the  elements  of  the  slab  par- 
allel to  rows  of  columns.  The  results  for  the  upper  surface  are  shown 
in  Fig.  65.  This  diagram  indicates  that  the  position  of  highest  stress 
in  a  bar  crossing  the  capital  is  approximately  at  the  edge  of  the  capi- 
tal. For  bars  not  crossing  the  capital,  the  highest  stress  appears  to  be 
at  the  intersection  of  the  bar  with  the  center  line  of  the  row  of 
columns.  The  locus  of  highest  tensile  stress  appears  to  follow  rather 
closely  the  outline  of  the  capital  through  180°  and  to  turn  off  rather 
abruptly  at  the  intersection  of  the  capital  with  the  line  joining  centers 
of  columns.  Although  it  is  not  possible  to  get  a  gage  line  short  enough 
or  close  enough  to  the  column  to  determine  Avhat  the  maximum  com- 
pressive unit-deformation  is,  the  results  of  the  test  indicate  that  the 
locus  of  highest  compressive  stress  is  in  about  the  same  position  as  that 
for  tension  except  that  it  probably  turns  off  less  abruptly  at  the  inter- 
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Unit  Deformation 
Fig.  65.     Locus  of  Points  of  Highest  Stress  in  a  Rectangular  Band  of  Rein- 
forcement in  Top  of  Slab  at  Column  D4,  of  Worcester  Test  Structure. 

section  with  the  line  joining  centers  of  columns.  It  will  be  noted  that 
the  compressive  deformation  in  gage  line  206b  is  less  than  that  in  206a 
(Fig.  63).  The  same  phenomenon  has  been  observed  in  other  tests,  and 
is  what  may  be  expected. 

It  may  be  added  that  at  the  load  of  215  lb.  per  sq.  ft.  the  compres- 
sive deformations  in  the  section  of  maximum  negative  moment  \vere 
distributed  along  the  section  for  the  full  panel  width. 

44.  Distribution  of  Stress  over  Cross  Section  of  Bands. — Fig.  66 
and  67  show  the  variation  of  deformation  across  the  width  of  several 
bands  of  reinforcement  at  sections  midway  between  columns  and  close 
to  the  column  capitals. 

Some  previous  tests  have  indicated  that  midway  between  columns 
the  stress  distribution  in  the  diagonal  bands  may  be  different  from 
that  in  the  rectangular  bands,  the  unit-deformation  being  greatest  in 
a  liar  at  1  he  edge  of  the  rectangular  bands  and  at  the  center  of  the  diag- 
onal bands.  Fig.  66  indicates  that  in  general  the  bars  in  the  central  por- 
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Group    I 


Group    U 


6  >-oup    in 


Group    B7 


Diagonal    Band 


Rectangular    Band 
Fig.  6G.    Distribution,  Midway  between  Columns,  of  Deformation  in  Diag- 
onal and  Rectangular  Bands  of  Reinforcement  of  Worcester 
Test  Plcoe  for  Load  of  215  lb.  pek  sq.  ft. 
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Fig.  67.     Distribution,  near  Column  Capitals,  of  Deformation   in  Diagonal 

and  Rectangular  Bands  of  Reinforcement  of  Worcester  Test  Slab 

for  Load  of  215  lb.  per  sq.  ft. 


tion  of  the  bands  show  higher  stresses  than  those  at  the  edge.  There 
are  one  or  two  eases  in  which  the  reverse  is  true,  but  there  is  not  suf- 
ficient regularity  in  this  to  justify  the  conclusion  that  this  test  shows 
a  difference  in  stress  distribution  for  rectangular  and  diagonal  bands 
of  reinforcement. 

4."").  Slip  of  Bars. — The  diagonal  reinforcement  was  lapped  at  the 
column  capital.  The  bars  of  each  length  extended  12  to  15  in.  (32  to 
40  diameters)  beyond  the  center  line  of  the  column.  At  several  places 
where  the  bars  were  lapped  strain  gage  measurements  were  taken 
from  one  bar  across  to  another  for  the  purpose   of   determining   the 
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Fig.  68. 


Arrangement  of  Gage  Lines  on  Worcester  Test  Floor  for  Meas- 
urement of  Slip  of  Bars. 


amount  of  slip  of  the  bars  relative  to  each  other.  Fig.  68  shows  the 
arrangement  of  gage  lines  538,  539,  538-9,  and  539-8,  used  for  this  pur- 
pose, and  shows  the  position  of  the  ends  of  the  bars  on  which  the  gage 
lines  were  placed.  The  total  change  in  gage  length  has  been  plotted 
in  Fig.  69  as  abscissas  and  the  load  as  ordinates.  The  movements  of  the 
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Total    Chanqe   in   Gaqe  Lerrqth  in   Inches 

Fig.  69.     Load-deformation  Diagrams  for  Gage  Lines  used  for  Determining 
Slip  of  Bars  in  Worcester  Test  Floor. 


gage  points  on  the  two  bars  relative  to  each  other  for  loads  of  100  and 
215  lb.  per  sq.  ft.  have  been  plotted  in  Fig.  70.  In  fitting  probable 
curves  to  the  plotted  points  it  was  assumed  that  the  curves  for  the  two 
bars  had  the  same  slope  at  the  point  where  they  cross  the  line  joining 
the  centers  of  the  columns  A3  and  B4  (marked  symmetrical  axis 
across  bars) .  This  is  the  same  as  assuming  that  the  tensile  stresses  in 
the  two  bars  are  equal  at  this  point,  and  follows  from  the  symmetry 
of  the  arrangement  of  the  bars.  If  there  had  been  no  slip  of  the  bars 
relative  to  each  other,  the  curves  would  touch  at  the  point  on  the  dia- 
gram corresponding  to  the  place  where  the  bars  cross  the  line  joining 
the  centers  of  columns  A3  and  B4.     The  vertical  distance  between 


REINFORCED   CONCRETE  FLAT   SLAB   STRUCTURES 


101 


.ozo 

016 
016 
014 
012 

OlO 

c 

c  004 

I** 

&    o 

5381 

^\                           1 

^036"! 

Lood'c'i?  ibpersq  ft-*' 

v 

"***—„ 

e' - 

\ 
P 

5361 

0 
03 

539L " ZZT?3~~~-t-- 

^39  R"-7- 

^y 

— ~~_ 

o 

c  004 

0) 

Lood 

'100  lb.  per  sq  ft.-1 

IT 

O 

s  .008 

o 

(2.010 

012 

.014 

.016 
018 
OZO 

/Endol  bar 
/  5391 

*■*"■— -^^^ 

>39R 

E 

Lood  =  215  lb  per  sq.  ft     [N^ 

tn 

\ 

\ 

^^_ 

Fig. 


70.     Diagram  Indicating  Slip  of  Bars  at  Gage  Lines  538  and  539  in 
Worcester  Test  Floor. 


the  curves  at  this  point  represents  the  slip  of  the  bars  relative  to  each 
other. 

Assuming  that  at  this  place  the  two  bars  slipped  the  same  amount 
relative  to  a  fixed  point,  but  in  opposite  directions,  the  zero-line  for 
slip  measurements  will  bisect  the  vertical  distance  between  curves  at 
their  intersection  with  the  symmetrical  axis  as  shown  in  Fig.  70. 
Ordinates  to  points  on  the  two  curves  indicate  the  movements  of  the 
corresponding  points  on  the  bars  relative  to  the  line  joining  columns 
A3  and  B4.  Differences  between  ordinates  at  any  two  points  on  the 
same  curve  represent  the  total  deformations  taking  place  in  the  bar 
between  the  points  considered.  The  stress  in  the  bar  at  any  point 
is  proportional  to  the  slope  of  the  curve  at  the  point. 

The  diagram  indicates  that  at  the  load  of  100  lb.  per  sq.  ft.  there 
was  a  slip  of  bars  relative  to  each  other  of  about  0.0013  in.  At  a  load 
of  215  lb.  per  sq.  ft.  the  slip  of  the  bars  relative  to  each  other  had 
increased  to  0.024  in.  at  the  same  place.  If  the  two  bars  did  not  act 
in  the  same  way  the  slip  at  the  place  where  they  cross  the  center  line 
of  the  columns  may  have  been  all  in  one  bar.    This  would  give  a  more 
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Fig.   71. 
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Diagram   Indicating  Slip  of  Bars  at  Gage  Lines  533  and  534  in 
Worcester  Test  Floor. 


dangerous  condition  than  that  in  which  the  slip  is  the  same  in  both 
bars  at  this  point. 

Fig.  71  was  constructed  from  measurements  on  gage  lines  543,  544, 
543-4,  and  544-3  in  the  same  manner  as  Fig.  70  was  constructed.  It 
indicates  that  at  a  load  of  215  lb.  per  sq.  ft,  the  slip  of  the  bars  rela- 
tive to  each  other  was  only  about  0.000G  in.  It  may  be  due  to  the 
smallness  of  this  slip  that  the  difference  in  stress  in  gage  lines  543  and 
544  is  so  much  greater  than  the  difference  for  gage  lines  538  and  539. 
The  difference  in  stress  in  the  two  bars  is  indicated  by  the  difference 
in  slope  of  the  two  curves  at  the  point  considered. 

From  measurements  taken  in  the  same  way  between  gage  lines 
545.1  and  545.2  no  slip  of  the  bars  relative  to  each  other  could  be 
detected  at  the  position  of  these  gage  lines,  the  centers  of  which  were 
almost  on  the  diagonal  passing  through  the  center  of  the  column.  At 
points  on  the  bars  near  the  ends  it  is  likely  that  there  was  slip  of  the 
bars  relative  to  each  other.  Measurements  on  gage  lines  542  and  542a 
indicate  at  the  right  hand  gage  point  a  slip  of  one  bar  past  the  other 
of  about  0.0078  in.  at  a  load  of  215  lb.  per  sq.  ft.  Whether  this  slip 
extended  as  far  as  the  center  line  of  the  column  would  be  of  import- 
ance to  know,  but  the  observed  data  do  not  indicate  whether  it  did  or 
not. 

It  is  not  of  special  importance  that  these  bars  showed  slip  at  the 
cuds.  This  is  to  be  expected  if  the  design  includes  bars  which  end  in 
a  region  of  high  stress.  The  significance  of  the  measurements  lies  in 
the  indications  that  there  was  slip  at  the  point  where  the  bar  should 
develop  high  tensile  stress,  in  the  fact  that  this  slip  more  than  doubled 
with  a  doubling  of  the  load  although  the  tensile  stress  in  the  bar  had 
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not  reached  the  yield  point,  and  in  the  large  amount  of  slip  which 
occurred  in  some  cases.  The  danger  from  a  small  initial  slip  has  been 
brought  out  in  a  series  of  tests  on  beams  subjected  to  continued  load 
(unpublished). 

After  the  failure  of  the  slab,  end  slip  varying  from  y2  in.  to  1  in. 
was  found  in  the  bars  designated  by  gage  lines  539,  542a,  and  543, 
while  in  gage  lines  545.1  and  545.2  no  end  slip  was  apparent.  It  may 
be  of  significance  that  the  bars  which  showed  a  large  amount  of  slip 
at  failure  were  the  same  as  those  which  showed  early  slip  at  the  point 
of  highest  tensile  stress,  and  that  the  bars  (designated  by  gage  lines 
545.1  and  545.2),  which  showed  no  early  slip  at  the  point  of  highest 
tensile  stress,  likewise  at  the  maximum  load  did  not  show  a  slip  which 
was  large  enough  to  be  observed  by  the  unaided  eye. 

That  the  bond  stress  was  high  in  other  bars  crossing  the  column 
capital  is  brought  out  by  an  inspection  of  Fig.  64  and  65  which  show 
the  varying  unit  deformations  along  the  lengths  of  bars.  Within  a 
distance  of  8  in.  (between  gage  lines  525  and  526)  a  change  in  stress 
of  15,500  lb.  per  sq.  in.  took  place.  This  corresponds  to  a  bond  stress 
of  187  lb.  per  sq.  in.  if  the  bond  stress  be  considered  to  be  uniformly 
distributed.  The  shape  of  the  curve  indicates  that  the  intensity  of 
bond  stress  at  the  edge  of  the  capital  must  have  been  nearly  twice  as 
much  as  this  and  it  may  have  been  more.  This  will  be  well  brought 
out  by  a  consideration  of  the  slopes  at  various  points  of  any  smooth 
curve  which  may  be  passed  through  this  scries  of  points  (gage  lines 
522  to  526  Fig.  64). 

46.  Moment  Coefficients. — With  the  large  and  irregular  settlement 
of  the  footings  it  is  not  to  be  expected  that  the  moment  coefficients  cal- 
culated from  the  observed  stresses  will  have  much  quantitative  value, 
but  a  study  of  the  character  of  the  results  may  be  of  use. 

In  a  beam  or  slab  loaded  in  any  manner,  the  total  bending 
moment  at  any  section  may  be  expressed  as  kWl  in  which  k  is  a  coeffi- 
cient, W  the  load  on  one  panel  and  I  the  panel  length.  Values  of  this 
coefficient  for  the  positive  moment  and  the  negative  moment  of  the 
reinforcement  stresses  in  Group  IV  have  been  computed  in  the  same 
manner  as  was  done  for  the  Schulzc  Baking  Company  Building  (see 


Table  15 
Calculated  Moment  Coefficients  for  Group  IV 


Applied   Load,   lb.   per  sq.   ft. 

102                                      215 

Positive 
Negative 
Ratio 

.011 
.015 
.73 

.019 
.030 
.63 
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article  28).  Table  15  gives  these  coefficients,  each  value  being  pro- 
portional to  the  resisting  moment  of  the  stresses  in  one  rectangular 
band  of  reinforcement  plus  the  components  (in  a  direction  parallel  to 
that  rectangular  band)  of  the  moment  of  the  stresses  in  one  diagonal 
band.  Table  15  shows  that  these  coefficients  are  much  higher  for  the 
215-lb.  load  than  for  the  100-lb.  load,  both  around  the  columns  and  at 
sections  midway  between  columns.  The  difference  may  be  due  partly 
to  uneven  settlement  of  footings  and  partly  to  partial  failure  of  con- 
crete in  tension.  In  considering  the  relative  values  of  the  negative  and 
the  positive  resisting  moments  developed,  it  should  be  borne  in  mind 
that  the  slip  of  the  bars  at  the  column  would  cause  a  smaller  negative 
bending  moment  and  a  larger  positive  bending  moment  than  would 
otherwise  be  the  case. 

It  is  seen  that  the  coefficients  given  in  Table  15  are  less  than  those 
generally  used  in  designing  and  still  less  than  those  found  by  the  more 
conservative  analyses.  For  the  load  of  102  lb.  per  sq.  ft.  the  coefficient 
of  bending  moment  calculated  from  the  observed  stresses  was  even  less 
than  that  for  215  lb.  per  sq.  ft.  It  is  probable  that  even  at  the  higher 
load  the  tensile  strength  of  the  concrete  has  played  a  considerable 
part. 

In  Groups  I,  II,  and  III,  not  enough  gage  lines  were  read  to  permit 


Col.D5 


Co!A4. 


Col.B5. 


Fig.    72. 


0  =  102    Lb.per  Sq  Ft. 
•  =£15  Lb.per  5q.Ft 
Diagram  Showing  Deformations   in  Columns  A4,  Bd,  and  D5  of 
Worcester  Test  Structure. 
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the  calculation  of  moment  coefficients,  but  it  has  been  shown  that  the 
stresses  in  these  groups  were  lower  than  those  in  Group  IV. 

47.  Deformation  in  Columns. — Fig.  72  shows  unit-deformations  in 
the  reinforcement  and  in  the  concrete  of  columns  A4,  B5,  and  D5. 
These  measurements  were  made  for  the  purpose  of  detecting  bending 
in  the  wall  columns.  The  gage  lines  on  the  reinforcement  were  on  the 
bars  nearest  the  outer  surface  of  each  column;  those  on  the  concrete 
were  on  the  inner  surface  of  Column  D5,  that  is  on  the  face  toward 
the  interior  of  the  panel. 

On  column  D5  (see  Fig.  72)  deformations  were  observed  on 
opposite  sides  of  the  column.  In  the  lower  part  of  the  column  where 
there  were  no  cracks  the  neutral  surface  (so  far  as  flexure  is  con- 
cerned) would  lie  on  the  center  of  the  column  and  the  average  of  the 
unit-deformations  measured  on  opposite  sides  of  the  column  should  be 
the  unit-deformation  due  to  the  direct  compression.  It  is  found  that 
this  average  unit-deformation  was  about  0.00004  at  a  test  load  of  215 
lb.  per  sq.  ft. 

Near  the  upper  end  of  the  column  the  tension  was  so  large  as  to 


Fig.  73.     View  of  Columns  D5  and  E5  op  Worcester  Test  Structure  with 
Maximum  Load  in  Position. 
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cause  large  cracks  (see  Fig.  73)  and  slipping  of  the  outer  vertical  bars, 
thus  throwing  the  neutral  axis  closer  to  the  compression  than  to  the 
leiision  side  of  the  column.  Averaging  the  measured  deformations  for 
this  region  of  the  column,  therefore,  does  not  eliminate  the  flexural 
deformations.  A  resultant  elongation  at  the  center  line  of  this  part 
of  the  column  should  be  expected  and  Fig.  72  indicates  that  elonga- 
tion occurred  at  that  place. 

For  a  column  fixed  at  the  top  of  a  fixed  footing  and  rigidly  con- 
nected with  the  slab  at  the  top  of  the  column  but  having  no  lateral 
movement  there,  the  point  of  inflection  is  at  a  point  one-third  the 
column  height  above  the  top  of  the  footing.  The  measurements  did 
not  extend  down  far  enough  on  this  column  to  determine  the  location 
of  the  point  of  inflection  of  the  column,  although  the  series  of  gage 
lines  covered  0.93  of  the  distance  from  the  slab  down  to  the  top  of 
the  footing.  This  indicates  that  there  must  have  been  sufficient  tilting 
of  the  footing  to  modify  the  condition  of  restraint  of  the  column  at 
the  top  of  the  footing. 

Although  no  strain  gage  readings  were  taken  on  a  corner  column, 
bending  of  the  column  at  the  outer  corner  of  Group  IV  was  observable 
to  the  unaided  eye  at  a  comparatively  early  stage  in  the  loading,  and 
at  the  maximum  load  bending  was  pronounced  (see  Fig.  73).  The 
indications  were  that  bending  was  more  severe  in  the  corner  columns 
than  in  the  columns  at  the  side  of  a  loaded  area. 

An  examination  of  Table  16  indicates  that  in  Group  IV  at  a  load 
of  102  lb.  per  sq.  ft.  the  stress  in  the  outer  reinforcing  bars  of  the  Avail 
columns  near  the  bottom  of  the  capital  (12000  lb.  per  sq.  in.)  was 
higher  than  the  average  stress  in  the  slab  reinforcement  where  it 
crossed  the  edge  of  the  capital  of  the  same  wall  columns  (8000  lb.  per 
sq.  in) .  In  Group  II,  which  had  larger  capitals,  no  measurements  were 
taken  of  deformation  in  the  slab  reinforcement  at  a  wall  column,  but 
the  stress  in  the  reinforcement  of  the  Avail  column,  D5,  at  a  load  of 
102  lb.  per  sq.  ft.  Avas  higher  (16000  lb.  per  sq.  in.)  than  that  in  either 
Avail  column  of  Group  IV.  HoAvever,  for  the  load  of  215  lb.  per  sq.  ft. 
the  table  indicates  that  in  Group  IV  the  average  stress  in  the  slab  rein- 
forcement at  the  wall  columns  (35000  lb.  per  sq.  in.)  had  become 
larger  than  the  stress  in  the  outer  reinforcing  bars  of  the  columns 
(19000  lb.  per  sq.  in.).  At  the  same  time  the  stress  in  the  reinforce- 
ment of  a  Avail  column  of  Group  II  (Column  D5)  had  passed  the  yield 
point. 

In  Group  II  the  larger  capitals  afforded  additional  stiffness  to  the 
slab  but  very  little  more  to  the  columns.    In  this  group  a  Arery  severe 
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Table  16. 

Stresses  in  Tension  Reinforcement;  Comparison  of  Slab  and 
Column  at  Wall. 


Location  of 

Gage  Line 

Stress  in  Reinforcement 
lb.   per  sq.   in. 

Average  Stress 
lb.    per  sq.   In. 

Gage  Lines 

Load  102  lb. 
per  sq.  ft. 

Load  215  lb. 
per  sq.  ft. 

Load   102  lb. 
per  sq.  ft. 

Load  215  lb. 
per  sq.  ft. 

GROUP   IV 
On  Slab  al 

Column  A4 

567 
568 
569 

570 

8100 

s;;oo 

11200 

4500 

30600 
38800 
34200 
43200 

8000 

36700 

GROUP  IV 
On    Slab    at 
Column  B5 

579 
580 
581 

8000 
9500 
8900 

44300 
37200 
41000 

8800 

40800 

GROUP   IV 

On   Column   A4 

27 
30 

10700 
7600 

18700 
19000 

9200 

18800 

GROUP   IV 
On   Column  B5 

20 

14200 

20000 

14200 

20000 

GROUP   II 
On   Column   D5 

9 

16000 

Beyond  yield 
point 

16000 

Beyond  yield 
point 

bending  of  Column  E5  and  high  bending  stresses  in  D5  followed  by 
complete  failure  of  the  latter  column  occurred  before  the  stress  in  the 
slab  reinforcement  at  the  central  column  had  reached  the  yield  point. 
In  Group  IV  no  column  failed  completely,  although  the  bending  in  the 
slab  was  marked,  the  stress  in  the  slab  reinforcement  at  the  central 
column  having  reached  the  yield  point. 

The  results  of  the  investigation  of  columns  are  not  extensive 
enough  or  definite  enough  to  furnish  a  basis  for  conclusions  on  the 
amount  of  moment  carried  by  the  columns.  However,  using  as  a 
criterion  the  ultimate  loads  carried  and  the  manner  of  failure  for 
Groups  II  and  IV,  the  behavior  of  the  columns  relative  to  the  slab  was 
such  as  would  be  expected. 

48.  Cracks. — Fig.  74  gives  the  location  of  cracks  on  the  under  sur- 
face of  the  slab  as  shown  by  an  examination  at  the  maximum  load  and 
also  those  found  on  the  accessible  portions  of  the  upper  surface.  The 
first  large  crack  which  was  observed  was  in  the  bottom  of  the  slab  in 
the  outer  corner  panel  of  group  IV  (see  Fig.  74).  It  took  approxi- 
mately the  form  of  a  quadrant  of  a  circle  having  a  radius  of  about  6 
ft,  with  column  A5  at  the  center  of  the  circle.  This  crack  appeared 
soon  after  the  load  of  102  lb.  per  sq.  ft.  was  applied  and  it  opened 
rapidly  as  the  loading  continued.  At  a  load  Of  215  lb.  per  sq.  ft.  the 
panel  failed  with  the  continued  opening  of  this  crack.    Probably  sev- 
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Fig.  74.     Cracks  Found  on  Under  and  Upper  Surfaces  of  Worcester  Test 
Floor  at  Maximum  Load. 


eral  causes  contributed  to  the  location  of  the  crack  at  this  place.  The 
unbalanced  load  caused  a  bending  in  Column  A5,  and  it  may  be 
expected  that  this  threw  the  point  of  maximum  positive  bending 
moment  outside  of  the  center  of  the  diagonal  span.  At  the  short  dis- 
tance from  the  column  at  which  the  crack  was  located  the  reinforce- 
ment of  the  diagonal  band  may  not  have  reached  its  position  in  the 
bottom  of  the  slab.  It  should  be  borne  in  mind  that  high  stresses  were 
observed  over  the  edge  of  the  capital  of  column  A5  in  the  bars  of  the 
diagonal  band  and  that  considerable  bending  of  column  A5  was  visible 
but  that  the  column  did  not  fail. 

In  the  corner  panel  of  Group  II  the  first  prominent  crack  found 
took  approximately  the  form  of  a  circle  around  the  corner  column 
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(Column  E5)  much  the  same  as  the  crack  in  Group  IV,  and  a  large 
amount  of  bending  occurred  in  the  corner  column,  but  failure  in  this 
group  seems  to  have  been  due  to  a  weakness  in  the  wall  column,  D5. 
In  this  column  the  concrete  slipped  past  the  upper  ends  of  the  vertical 
reinforcing  bars,  allowing  a  crack  to  form  on  the  outer  surface  of  the 
column  somewhat  above  the  bottom  of  the  column  capital,  and  the 
column  failed  in  flexure. 

The  top  of  the  slab  was  covered  with  loading  material  so  that  the 
general  location  of  cracks  could  not  be  observed.  At  four  interior 
columns  (B2,  B4,  D2,  and  D4)  the  boxes  used  to  give  access  to  gage 
lines  permitted  the  inspection  of  the  upper  surface  of  the  slab  over  a 
portion  of  the  column  head.  Well  defined  cracks  just  inside  the  out- 
line of  the  capital,  as  shown  within  the  boxes,  were  found.  At  two 
wall  columns  (A4  and  B5)  similar  cracks  were  found. 

Uneven  settlement  may  have  influenced  the  formation  of  cracks.  It 
will  be  seen  from  Fig.  74  that  many  of  the  cracks  are  in  locations  where 
the  reinforcing  bars  may  be  expected  to  be  not  close  to  the  lower  sur- 
face. In  Group  I,  having  the  bars  of  the  rectangular  bands  carried 
at  the  bottom  of  the  slab  through  to  its  boundaries,  the  cracks  were 
comparatively  few  and  small.  In  this  portion  of  the  slab  the  settle- 
ment of  the  footings  was  relatively  small  and  regular. 

49.  Summary  of  Results. — Although  settlement  of  footings  puts 
a  serious  limitation  on  the  general  applicability  of  the  results  of  the 
test  the  following  summarized  statement  of  the  information  obtained 
is  made: 

1  In  groups  having  capitals  of  the  same  size  the  variation  in 
stress  due  to  the  variation  in  arrangement  and  distribution  of  rein- 
forcement was  less,  apparently,  than  that  due  to  uneven  settlement  of 
columns. 

2  At  a  load  of  102  lb.  per  sq.  ft.  the  steel  stress  at  the  small 
capital  (Group  IV)  averaged  about  50  per  cent  greater  than  the 
stress  at  the  larger  capitals.  The  diameters  of  the  capitals  were  respec- 
tively 0.196  and  0.321  times  the  panel  length.  The  large  stress  in 
Group  IV  may  be  due  partly  to  other  causes,  but  it  is  believed  that  the 
small  capital  is  the  most  important  cause. 

3  The  wall  panels  and  corner  panels  showed  higher  steel  stresses 
and  generally  more  pronounced  cracks  than  did  the  interior  panels. 

4  This  test  does  not  indicate  that  the  wall  panels  (not  the  corner 
panels)  suffered  because  of  the  absence  of  wall  beams. 

5  The  point  of  inflection  in  Group  IV  (the  group  having  small 
capitals)  was  about  two-tenths  of  the  panel  length  from  the  center 
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of  the  central  column,  but  its  exact  location  is  uncertain,  since  the 
point  of  zero  unit-deformation  on  the  under  surface  of  the  slab  was 
closer  to  the  column  than  that  on  the  upper  surface.  The  location 
of  the  point  of  inflection  probably  was  influenced  by  the  uneven 
settlement  of  the  columns. 

6  The  locus  of  highest  stresses  in  the  bars  of  a  band  of  reinforce- 
ment at  a  column  head  followed  fairly  closely  the  outline  of  the  column 
capital  through  180°,  then  branched  off  and  followed  the  line  joining 
centers  of  columns.  The  locus  for  the  compressive  stresses  on  the 
under  side  of  the  slab  parallel  to  a  given  band  occupied  a  correspond- 
ing position  so  far  as  may  be  determined  from  the  data  of  the  test. 

7  In  few  of  the  bands  of  reinforcement  in  which  measurements 
were  taken  was  the  stress  higher  in  the  bars  on  the  edge  of  the  band 
than  in  the  central  bars.  In  most  cases  the  stress  was  highest  in  the 
central  bars. 

8  In  cases  where  bars  were  lapped  as  much  as  50  diameters 
beyond  the  point  of  maximum  stress  slipping  at  that  point  occurred 
without  the  stress  having  passed  the  yield-point  strength  of  the  steel. 
The  slipping  of  these  bars  supports  the  ruling  frequently  made  that 
bars  should  not  be  spliced  at  regions  of  maximum  stress.  The  slipping 
of  bars  evidently  affected  the  action  of  the  slab  and  may  have  induced 
failure. 

Bars  which  did  not  slip  were  found  to  have  developed  a  bond 
stress  averaging  over  the  entire  gage  length  187  lb.  per  sq.  in.  At 
portions  of  the  gage  length  the  bond  stress  must  have  been  much 
higher  than  this. 

9  Moment  coefficients  calculated  on  the  basis  of  the  measured 
stress  in  the  steel  were  materially  higher  at  the  higher  load.  Though 
even  at  the  higher  load  the  coefficients  were  low,  the  rapid  increase 
with  increased  load  confirms  the  view  that  there  is  danger  in  placing 
reliance  on  the  stresses  in  the  steel  measured  at  ordinary  test  loads  as 
a  basis  for  determining  moment  coefficients  to  be  used  in  design. 

10  The  bending  of  corner  columns  and  Mall  columns  was  an 
important  feature  of  the  action  of  the  test  structure.  In  certain 
instances  this  bending  was  apparent  to  the  eye. 

11  The  first  large  crack  on  the  under  surface  of  the  slab  was  in 
the  corner  panel  of  Group  IV  near  where  the  diagonal  bars  were  car- 
ried from  the  top  of  the  slab  to  the  bottom. 

The  location  of  cracks  in  the  other  groups  seems  to  have  been 
influenced  by  the  settlement  of  the  footings,  the  bending  of  the  outer 
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columns,  and  the  position  of  the  point  of  carrying  the  reinforcing  bars 
from  the  top  to  the  bottom  of  the  slab. 

VI.     Tin:  Test  of  the  Factory  Building  of  the  Curtis-Leg  i:k 

Fixture  Co. 

50.     Description  of  I  In  Building. — The  floor  loaded  is  in  the  addi- 
tion to  the  Curtis-Leger  Fixture  Company's  factory  near  Van  Buren 

and  Aberdeen  Streets.  Chicago.  This  addition  is  53  ft.  6  in.  by  57  ft. 
The  floor  is  an  8-in.  flat  slab  of  reinforced  concrete  and  is  supported 
on  reinforced  concrete  columns  placed  11)  ft.  and  17  ft.  10  in.  apart 
center  to  center  in  the  two  rectangular  directions.  It  was  designed  for 
a  live  load  of  200  lb.  per  sq.  ft.  and  a  dead  load  of  100  lb.  per  sq.  ft. 
A  distinctive  feature  of  the  Barton  Spider  Web  System  of  Rein- 
forcement is  the  use  of  unit  mats  as  reinforcement  for  the  negative 
moment  at  the  columns,  the  mats  being  independent  of  the  reinforce- 
ment for  positive  moment  in  the  slab.  The  bars  in  these  mats  extend 
in  two  directions  only,  parallel  to  the  sides  of  the  panel.  The  mats  in 
this  building  were  made  up  in  the  shop  and  consist  of  %-in.  square 
Havemeyer  bars  placed  as  shown  in  Fig.  75.  Certain  loose  bars  were 
added  in  this  case,  and  these  extend  beyond  the  outlines  of  the  mat. 
For  the  positive  moment  at  the  center  of  the  panel,  four-way  reinforce- 
ment of  V2-in.  square  Havemeyer  bars  was  used.  These  bars  were  not 
bent  up  to  the  top  of  the  slab,  but  extend  along  the  bottom  of  the  slab 


Fig.   75. 


View   Siiowixg   Slab  Beixforcemext   ix    Place   ix    Test    Floor   of 
Curtis-Leger  Company  Buildixg. 
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Fig.  76.    Plan  Showing  Dimensions  and  Eeinfoecement  of  Test  Floor  of 
Curtis-Ledger  Company  Building. 
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into  the  region  of  compression.  They  end  6  in.  and  7  in.  beyond  the  col- 
umn center  lines  in  the  long  and  in  the  short  panel  lengths,  respec- 
tively, and  3  in.  to  7  in.  beyond  the  column  center-line  in  the  diagonal 
directions.  These  bars  thus  serve  as  reinforcement  in  compression  in 
the  region  of  the  column  and  in  tension  at  the  middle  portion  of  the 
panel.  No  drop  or  depressed  head  at  the  column  capital  was  used. 
The  average  measured  depths  to  the  center  of  gravity  of  the  rein- 
forcement were  7.04  in.  for  positions  of  negative  moment  and  8.55  in. 
for  positions  of  positive  moment. 

The  reinforcement  for  the  wall  panels  is  slightly  in  excess  of  that 
for  interior  panels.  Spandrel  beams  12  by  22  in.  in  cross  section  extend 
between  exterior  columns. 

The  position  of  the  reinforcing  bars  is  shown  in  Fig.  76. 

51.  The  Test. — It  was  desired  to  make  the  amount  of  load  handled 
as  small  as  possible  consistent  with  developing  reasonably  high 
stresses.  Instead  of  covering  four  entire  panels  with  200  lb.  per  sq.  ft. 
and  then  covering  two  entire  panels  with  400  lb.  per  sq.  ft.,  it  was 
believed  to  be  more  satisfactory  to  use  equivalent  total  areas  made  up 
of  parts  of  six  panels,  as  shown  in  Fig.  77,  first  with  a  load  of  200  lb. 
per  sq.  ft.  (boundary  dotted  in  the  figure),  then  rearranging  the  load 
to  give  400  lb.  per  sq.  ft.  over  the  other  parts  (boundaries  in  full 
line),  then  adding  enough  to  the  latter  area  to  make  500  lb.  per  sq. 
ft.  This  plan  gave  more  complete  loading  over  the  principal  band  of 
reinforcement  and  produced  negative  moments  in  this  region  greater 
than  would  be  obtained  under  other  likely  conditions  with  only  two 
panels  loaded.  This  arrangement  of  the  500-lb.  load  also  gave  easier 
access  to  gage  lines  for  the  measurement  of  stress  in  the  vicinity  of  the 
columns. 

Aside  from  determining  the  action  of  the  type  of  reinforcing,  it 
was  expected  to  obtain  information  bearing  on  (a)  lateral  distribution 
of  stress  in  bands  midway  between  columns  and  at  the  columns  and  (b) 
longitudinal  distribution  of  stress  along  rectangular  and  diagonal 
spans.  Fig.  78  shows  relative  location  of  gage  lines  on  the  upper 
and  under  surfaces  of  the  test  floor. 

"When  the  forms  were  ready  and  before  the  concrete  had  been 
poured  small  beveled  iron  plugs  were  nailed  to  the  forms  in  such  posi- 
tion that  when  the  forms  were  removed  the  smaller  base  of  each  plug 
was  in  the  plane  of  the  under  surface  of  the  slab  and  in  proper  loca- 
tion for  the  gage  holes  used  for  the  measurement  of  deformation  in 
concrete.  Corks  were  attached  to  the  bars  at  such  places  as  gage  holes 
in  the  reinforcement  were  desired.    These  steps  greatly  facilitated  the 
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preparation  for  the  test.  The  concrete  was  poured  on  July  30,  1913, 
and  at  that  time  six  concrete  control  cylinders  7^2  ni-  in  diameter 
and  16  in.  long  were  made  from  concrete  taken  from  the  mixer  in  use 
on  the  job.  The  cylinders  were  tested  at  the  University  of  Illinois, 
November  13  and  14,  1913. 

The  floor  test  was  made  October  22  to  30,  1913.    For  loading  mater- 
ial bags  of  cement  were  used.  An  area  equivalent  to  four  panels,  shown 
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Fig.  78.    Location  of  Gage  Lines  ox  Upper  and  Under  Surfaces  of  Test  Floor 
Curtis-Leger  Company  Building. 


in  Fig.  77  was  loaded  to  200  lb.  per  sq.  ft.,  the  design  live  load.  The 
load  was  then  removed  from  one-half  of  the  area,  and  the  total  load 
was  concentrated  on  an  area  equivalent  to  two  full  panels,  shown  in 
Fig.  77.  Enough  additional  load  was  later  applied  to  the  two-panel 
area  to  bring  the  average  intensity  of  the  applied  load  up  to  500  lb. 
per  sq.  ft.  over  this  area  of  two  panels. 
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Note  Observations     immediatelg   after    application  of   load,  shown  thus; 
Observations    on  recovery    shown  thus 


•  Steel 


Deformation    per  Unit  of   Lenqth      ©concrete 


Fig.  79.    Load-deformation  Diagrams  for  Gage  Lines  1  to!  86  of  Test  Floor 
of  Cttrtis-Leger  Company  Building. 
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Deformation    per  Unit  of  Length      o  Concrete 
Fig.  80.     Load-deformation  Diagrams  for  Gage  Llnes  88  to  164  of  Test  Floor 
op  Curtis-Leger  Company  Building. 
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Fig.  81.     Locus  of  Points  of  Highest  Stress  in  Eeinforcement  in  Top  of  Slab 
near  Column  13  of  Test  Floor  of  Curtis-Leger  Company  Building. 
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Deformation  readings  were  taken  on  a  few  gage  lines  in  a  number 
of  the  most  significant  positions  immediately  after  completing  the 
loadings  of  200  lb.,  400  lb.,  and  500  lb.  per  sq.  ft.  When  each  load 
had  been  in  place  12  hours  or  more  a  complete  series  of  readings  was 
taken.  For  the  load  of  500  lb.  per  sq.  ft.  the  complete  series  of  read- 
ings was  not  begun  until  the  load  had  been  in  place  46  hours.  When 
the  recovery  readings  were  begun,  the  greater  portion  of  the  load  had 
been  off  the  floor  for  more  than  12  hours,  but  a  small  portion  had 
been  removed  less  than  three  hours  before. 

52.  Control  Cylinders. — The  control  cylinders  gave  strengths 
ranging  from  1230  to  1650  lb.  per  sq.  in.  and  initial  moduli  of  elasticity 
ranging  from  about  2,300,000  to  4,700,000  lb.  per  sq.  in.  As  a  fair 
working  value  and  one  which  facilitates  comparison  with  the  results 
of  other  tests,  3,000,000  lb.  per  sq.  in.  has  been  used  as  the  modulus  of 
elasticity  in  cases  in  which  it  is  desirable  to  interpret  unit-deforma- 
tion into  stress. 

53.  Tension  at  Capital. — Load-deformation  diagrams  for  all  gage 
lines  are  shown  in  Fig.  79  and  80.  Unit-deformations  in  the  reinforce- 
ment which  extends  in  the  direction  of  the  19  ft.  side  of  the  panel, 
found  at  a  floor  load  of  500  lb.  per  sq.  ft.  are  plotted  in  Fig.  81  also. 
From  this  the  locus  of  the  highest  stress  has  been  determined  and  is 
shown  in  this  figure  as  section  B-B  which,  for  lack  of  complete  informa- 
tion, assumes  that  gage  lines  154,  155,  and  156  (see  Fig.  78)  lie  on 
this  locus.  The  deformations  on  this  section  are  shown  in  the  right- 
hand  portion  of  the  figure.  The  highest  deformation  on  this  section 
corresponds  to  a  stress  of  11,000,  the  lowest  to  7,000,  and  the  average 
to  9,300  lb.  per  sq.  in. 

54.  Tension  Midway  Between  Columns. — Fig.  82  shows  the  dis- 
tribution of  deformation  among  bars  of  the  rectangular  and  diagonal 
bands  of  reinforcement  midway  between  columns  at  the  applied  load 
of  500  lb.  per  sq.  ft. 

Section  C-C  for  the  rectangular  band  lies  midway  between  columns 
and  is  cut  at  right  angles  by  the  long  side  of  the  panel.  The  highest 
deformation  was  found  in  one  of  the  central  bars  of  this  band,  and 
corresponds  to  a  stress  of  11,500  lb.  per  sq.  in.  The  average  deforma- 
tion corresponds  to  9,100  lb.  per  sq.  in. 

Section  D-D  of  Fig.  82  lies  normal  to  the  diagonal  band  at  the 
center  of  the  panel.  This  section  lies  near  the  edge  of  the  area  covered 
by  the  500  lb.  load,  and  the  deformations  here  probably  were  smaller 
than  would  have  been  found  if  the  entire  area  of  this  panel  had  been 
loaded.     This  is  indicated  by  the  fact   that   the    deformations    were 
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Fig.  82.     Tensile  Unit-deformation,  Midway  between  Columns,  in  Beinforce- 
ment  of  Rectangular  and  of  Diagonal  Bands  in  Test  Floor  of 
Curtis-Leger  Company  Building. 

changed  only  slightly  by  the  shifting  of  the  load  from  the  four-panel 
area  to  the  two-panel  area. 

A  comparison  of  the  stresses  at  the  gage  lines  crossed  by  cracks  at 
construction  joints  with  those  at  similarly  situated  gage  lines  not 
crossed  by  cracks  shows  that  considerably  larger  tensile  stress  in  the 
reinforcement  may  be  expected  at  points  where  the  tensile  strength  of 
the  concrete  is  impaired  than  at  points  where  the  concrete  is  intact. 

On  the  short  side  of  the  panel  no  measurements  of  deformation  in 
the  rectangular  bands  were  taken  midway  between  columns  because 
the  load  was  not  so  placed  as  to  develop  representative  stresses  at  that 
point. 

55.  Compression  at  Column. — The  maximum  measured  compres- 
sive unit-deformation  in  the  concrete  was  0.00031.  It  was  found  at  gage 
line  79,  close  to  the  capital  of  column  13  on  the  line  of  column  centers 
in  the  direction  of  the  19-ft.  span.  The  compressive  unit-deformation 
at  the  corresponding  position  (gage  line  71)  on  the  diagonal  line 
through  column  centers  was  0.00021.  If  a  modulus  of  elasticity  of 
3,000,000  lb.  per  sq.  in.  be  assumed,  these  unit-deformations  corre- 
spond to  stresses  of  930  and  630  lb.  per  sq.  in.,  respectively.  Compres- 
sive unit-deformations  in  these  gage  lines  are  shown  in  Fig.  79,  83,  and 
84. 

To  investigate  the  lateral  distribution  of  compressive  stress  at  the 
column,  measurements  of  deformation  in  concrete  were  taken  parallel 
to  the  direction  of  the  long  side  of  the  panel  across  the  center-line  of 
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Lateral  Distribution  of  Compressive  Deformation  on   Bottom  of 
Test  Floor  of  Curtis-Leger  Company  Building. 


columns,  at  intervals  in  the  direction  of  the  short  side.  The  extent  of 
area  covered  by  these  measurements  is  shown  by  the  position  of  gage 
lines  indicated  (see  Fig.  83).  Gage  lines  88  and  53  were  84  in.  and 
76  in.  from  the  center  of  column  13.  The  results  plotted  in  Fig.  83 
indicate  that  as  far  out  on  either  side  of  column  13  as  measurements 
were  taken  some  compression  was  developed  in  a  direction  normal  to 
the  section.  If  the  stress  had  been  uniform  and  equal  to  that  at 
gage  line  79,  a  width  of  about  110  in.  would  have  been  required  to 
develop  the  same  total  stress  as  that  which  was  found  in  the  width  of 
about  180  in.  It  should  be  noted  that  gage  lines  60  and  82  are  close 
to  the  column  head.  By  reason  of  the  stiffness  of  the  column  head  the 
deformations  at  these  gage  lines  may  not  be  expected  to  be  as  large  as 
may  be  found  farther  away  from  the  column  head  or  at  points  in 
front  or  in  rear  of  these  positions. 

56.  Points  of  Zero  Tension  and  Zero  Compression. — The  manner 
and  amount  of  variation  in  deformation  along  elements  of  the  slab 
passing  over  the  center  of  the  column  in  the  rectangular  and  diagonal 
directions  are  shown  in  Fig.  84.  The  location  of  the  gage  lines  shown 
may  be  found  in  Fig.  78.  An  examination  of  Fig.  84  shows  that  on 
the  rectangular  band  the  point  of  zero  compression  was  closer  to  the 
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Fig.  84.     Location  of  Points  of  Zero  Unit-deformation  on  Upper  and  Under 
Surfaces  of  Test  Floor  in  Curtis-Leger  Company  Building. 

edge  of  the  column  capital  than  was  the  point  of  zero  tension.  No 
explanation  of  this  is  offered.  For  the  diagonal  direction,  section  F-F, 
the  point  of  zero  deformation  was  found  on  only  the  under  surface. 
Table  17  gives  the  positions  of  the  various  points  of  zero  stress. 

Table  17. 
Position  of  Point  of  Zero  Deformation. 

Two  panels  loaded.  Applied  load  500  lb.  per  sq.  ft. 


Point  of  Zero  Unit-Deformation 


Distance  from 
renter  of  column 


Inches 


Ratio  to 
panel  length 


Bottom;  Direct  band 

Bottom ;  Diagonal  band 

Top;    Direct  Band,  Central  Bar 

Top  ;    Direct  Band,  other  Bars 

Top ;    Average,  Weighting  other  bands  3 


42 

.184 

45 

.144 

57 

.25 

45 

.197 

48 

.21 

57.  Deflection. — Load-deflection  diagrams  for  the  eleven  points 
shown  in  Fig.  77  and  marked  A,  B,  C,  etc.,  are  given  in  Fig.  85.  The 
maximum  deflection  at  B  under  the  full  panel  load  of  500  lb.  per  sq. 
ft.  live  load  was  0.16  in.  immediately  after  the  application  of  this  load 
and  0.17  in.  after  the  load  had  been  in  place  for  48  hours.  These 
deflections  arc  1/1425  and  1/1340  of  the  19-ft.  span. 

58.  Cracks. — In  Fig.  77  the  locations  of  cracks  found  at  full  load 
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have  been  shown  by  a  solid  Line  for  the  upper  surface  and  by  a  dotted 
line  for  the  under  surface.  Those  cracks  were  very  fine,  the  largest 
being  at  a  construction  joint  which  extended  along  the  direction  of  the 
19-ft.  span  half  way  between  columns  12  and  13. 

59.  Recovery. — Table  18  gives  data  on  recovery  at  some  of  the 
more  important  gage  lines.  This  table  shows  that  the  recovery  was 
more  complete  in  compression  regions  than  in  tension  regions  whether 
the  measurements  were  of  steel  or  of  concrete  deformations.  It  seems 
probable  that  this  phenomenon  may  have  been  due  to  the  formation  of 


Table  18. 

Principal  Full-Load  Unit-Deformations  and  Amounts  of 

Recovery. 

Load  of  500  lb.  per  sq.  ft.  applied  over  two  panels. 

Plus    indicates   extension    and   minus  indicates   shortening. 


Ratio  of 

Location  of 

Full-load 

Residual 

Residual  to 

Gage   Lines 

Gage  Line 

Deformation 

Deformation 

Full-load 
Deformation 

On   tension   reinforce 

10 

+  .00028 

+  .00012 

.62 

inent     midway     be 

11 

+  .00028 

+  .00000 

.00 

tween  columns 

12 

+  .00039 

+  .00016 

.43 

13 

+  .00041 

+  .00020 

.50 

14 

+  .00033 

+  .00017 

.50 

15 

+  .00027 

+.00014 

.53 

16 

+  .00027 

+.00013 

.50 

Average 

.45 

On   tension    reinforce- 

106 

— .00040 

— .00021 

.52 

ment  at  capital 

107 

— .00025 

— .00012 

.47 

117 

— .00025 

— .00012 

.47 

129 

— .00024 

— .00009 

.37 

142 

— .00035 

— .00014 

.40 

146 

—.00039 

— .00012 

.31 

Average 

.42 

On   compression   rein- 

36 

— .00008 

+  .00001 

*.13 

ment  at  capital 

37 

— .00005 

— .00002 

*.40 

48 

+  .00019 

+  .00005 

.27 

49 

— .00010 

+  .00002 

.22 

50 

+.00012 

+.00004 

.31 

Average 

.27 

On  concrete  at 

55 

+  .00020 

+  .00004 

.20 

capital 

56 

+  .00020 

+  .00009 

.45 

57 

+.00023 

+  .00011 

.49 

71 

+  .00021 

+  .00004 

.20 

79 

+  .00031 

+  .00008 

.25 

80 

+.00014 

+  .00003 

.20 

81 

+  .00012 

+  .00006 

.50 

83 

+  .00010 

+  .00001 

.10 

84 

+.00012 

+.00003 

.24 

Average 

.29 

*Not  included  in  average. 
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Deflection    in    inches 


Fig.  85.    Load-deflection  Diagrams  for  Test  Floor  of  Curtis-Leger  Company 

Building. 


cracks,  the  fractured  surfaces  of  which  could  not  come  together  again 
perfectly  after  the  tensile  stress  was  removed. 

60.     Summary. — The  following  summary  is  intended  to  give  the 
main  features  of  the  results  of  the  test : 

1  With  the  load  of  500  lb.  per  sq.  ft.  distributed  over  an  area 
equal  to  that  of  two  panels  with  a  view  of  making  its  effect  in  pro- 
ducing stress  as  severe  as  possible,  the  maximum  stress  in  the  rein- 
forcement at  the  column  and  midway  between  columns  was  about 
11,000  lb.  per  sq.  in.  Calculations  made  on  the  basis  of  design  most 
commonly  used  in  Chicago  give  a  stress  of  about  25,000  lb.  per  sq.  in. 
for  this  load.  However,  it  seems  probable  that  if  a  larger  area  had 
been  loaded  to  the  same  intensity  the  stress  developed  would  have 
been  somewhat  larger. 

2  The  highest  unit-deformation  observed  was  near  the  column 
on  the  under  side  of  the  slab  in  the  concrete  and  was  measured  in  the 
direction  of  the  longer  span.  Based  on  a  modulus  of  elasticity  for  the 
concrete  of  3,000,000  lb.  per  sq.  in.  this  unit-deformation  corresponds 
to  a  stress  of  930  lb.  per  sq.  in. 

3  The  point  of  zero  unit-deformation  on  the  under  surface  of 
the  slab  was  closer  to  the  column  than  that  on  the  upper  surface.  For 
this  reason  the  location  of  the  point  of  inflection  is  not  known  with 
certainty,  but  the  indications  are  that  it  was  at  a  distance  of  about 
two-tenths  of  the  panel  length  from  the  center  of  the  column. 

4  The  deflection  under  twice  the  design  live  load  plus  the  dead 
load  was  about  1/1400  of  the  span. 

5  The  cracks  were  very  small,  the  largest  being  along  a  con- 
struction joint.  The  stresses  in  gage  lines  crossing  this  crack  were 
enough  larger  than  the  tension  in  similar  gage  lines  not  crossing  a 
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crack  to  indicate  that  the  'tensile  strength  of  the  concrete  adds  con- 
siderably to  the  resistance  of  the  slab  at  this  load. 

6  The  recovery  was  more  complete  in  regions  of  compression 
than  it  was  in  regions  of  tension  regardless  of  whether  the  measure- 
ments were  taken  on  concrete  or  on  steel. 

VII.     General  Comments. 

61.  General  Comments. — As  was  remarked  at  the  beginning,  the 
circumstances  surrounding  the  floor  test  of  a  building  are  unfavorable 
to  securing  definite  and  uniform  quantitative  results.  The  distribu- 
tion of  the  resistance  of  the  structure  to  parts  beyond  the  portion 
which  is  loaded  and  the  effect  of  the  tensile  strength  of  the  concrete, 
greatly  modify  the  action  of  the  structure.  The  physical  conditions 
connected  with  the  tests  are  unfavorable  to  securing  exactness.  Con- 
clusions drawn  from  such  tests  must  be  of  a  general  nature  and  must 
be  confined  to  the  general  behavior  of  the  structure.  The  following 
comments  are  given: 

1  The  stresses  measured  in  the  reinforcing  steel  were  relatively 
low.  It  is  felt  that  the  values  of  these  stresses  should  not  be  taken 
as  representative  of  the  stresses  which  may  be  developed  in  the  struc- 
ture when  it  is  loaded  over  a  large  area  for  a  considerable  time.  That 
this  view  is  not  inconsistent  with  the  general  practice  in  designing 
reinforced  concrete  may  be  seen  by  examining  laboratory  tests  of  rein- 
forced concrete  beams  which  have  percentages  of  reinforcement  com- 
parable with  those  in  the  flat  slabs  tested.  In  such  beams  measured 
stresses  of  5,000  to  20,000  lb.  per  sq.  in.  in  the  steel  account  for  only 
one-fourth  to  one-half  of  the  external  bending  moment.  In  the  tests 
of  flat  slabs  there  is  no  indication  that  the  tensile  resistance  of  the  con- 
crete contributes  less  to  the  apparent  strength  of  the  structure  than 
is  the  c£se  with  beam  construction.  It  is  evident  that  attention  must 
be  given  to  the  mechanics  of  the  structure  in  determining  the  require- 
ments for  making  designs. 

There  is  difficulty  in  evaluating  the  compressive  deformations  of 
the  concrete  in  terms  of  stress,  since  the  modulus  of  elasticity  of  the 
concrete  in  the  slab  may  not  agree  with  the  values  determined  from 
test  specimens.  The  observations  on  compression  are  useful  in  finding 
the  distribution  of  compressive  stresses. 

2  For  negative  moment  the  locus  of  maximum  stress  in  a  direction 
perpendicular  to  a  panel  edge  was  a  line  which  followed  the  column 
capital  for  nearly  180°  and  merged  into  the  panel  edge  a  little  distance 
away  from  the  column  capital.     In  the  Schulze  Baking  Company 
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Building  the  measurements  were  of  compression  on  the  under  side  of 
the  depressed  head.  In  the  Worcester  test  structure  and  in  the  Cur- 
tis-Leger  Building  the  measurements  were  made  on  the  tension  rein- 
forcement. 

3  In  the  Shredded  Wheat  Factory  the  tensile  stresses  resisting 
negative  moment  across  the  panel  edge  would  average  as  high  at  loca- 
tions intermediate  between  columns  as  exist  at  points  close  to  the 
column.  It  is  apparent  that  the  actual  distribution  along  a  section 
of  negative  bending  moment  would  be  affected  by  the  size  and  spacing 
of  the  bars  crossing  the  section. 

In  the  Schulze  Baking  Company  Building  also  it  appears  that  bars 
across  a  panel  line  at  a  location  midway  between  columns  developed 
resistance  to  negative  bending  moment. 

Information  having  a  bearing  on  the  distribution  of  tensile  stresses 
across  panel  lines  was  not  obtained  in  any  other  test  discussed  in  this 
bulletin. 

4  In  the  building  in  which  there'were  depressed  heads  around  the 
column  capitals  and  in  which  information  was  obtained  on  the  distri- 
bution of  the  compressive  stresses  over  the  section  of  maximum  nega- 
tive moment,  the  Schulze  Baking  Company  Building,  there  were  indi- 
cations that  the  compressive  stresses  of  the  negative  moment  were 
taken  almost  entirely  in  the  portion  of  the  section  within  the  width 
of  the  depressed  head  and  that  there  was  very  little  compression  in  the 
thin  portion  of  the  section  between  depressed  heads.  In  the  Worcester 
slab,  which  had  no  depressed  heads,  at  the  load  of  215  lb.  per  sq.  ft.  the 
compressive  stresses  in  the  section  of  maximum  negative  moment  were 
distributed  along  the  section  for  the  full  width  of  the  panel,  although 
the  stress  midway  between  columns  was  less  than  that  closer  to  the 
column.  In  the  Curtis-Leger  Building  compressive  stresses  were  found 
in  the  section  of  maximum  negative  moment  as  far  away  from  the 
column  capital  as  measurements  were  taken. 

5  In  the  building  having  a  relatively  large  thickness  of  depressed 
head,  the  Schulze  Baking  Company  Building,  the  compressive  stresses 
on  the  under  side  of  the  thin  portion  of  the  slab  close  to  the  depressed 
head  and  perpendicular  to  its  edge  were  nearly  as  large  as  those  in  the 
same  direction  on  the  depressed  head  close  to  the  column  capital. 

6  An  increase  in  the  deformations  in  the  section  of  maximum  posi- 
tive moment  was  found  when  the  loaded  area  was  changed  from  a 
group  of  panels  to  a  row  of  panels.  This  change  of  loading  was  made 
in  the  Shredded  Wheat  Factory  and  in  the  Soo  Terminal.  How  much 
of  the  increase  may  have  been  due  to  a  proportionally  smaller  contri- 
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bution  by  the  tensile  resistance  of  the  concrete  is  not  known,  but  it 
is  evident  that  the  positive  moment  must  have  been  increased  con- 
siderably by  this  change  in  loading. 

7  High  bending  deformations,  due  to  eccentric  loading,  were 
found  in  columns  located  at  edges  of  loaded  areas.  In  the  Shredded 
Wheat  Factory,  a  severe  bending  moment  in  a  column  of  the  base- 
ment story  was  observed  when  panels  of  the  first  floor  on  one  side  of 
this  column  were  loaded.  Even  with  nine  panels  loaded  bending  de- 
formations were  found  in  interior  columns,  evidently  due  to  differ- 
ence in  the  slab  moments  on  the  two  sides  of  the  column.  In  this  case 
the  bending  was  in  a  direction  opposite  to  that  found  when  the  column 
was  at  the  edge  of  the  loaded  area.  In  the  Soo  Terminal,  a  one-story 
structure,  marked  bending  phenomena  were  observed  in  columns  at 
the  edge  of  the  loaded  area,  and  tensile  deformations  were  found  of 
such  amount  that  even  considering  the  compression  due  to  dead  load 
the  tensile  resistance  of  the  concrete  must  have  been  exceeded.  The  posi- 
tion of  the  point  of  inflection  of  the  elastic  curve  of  flexure  was  in  fair 
agreement  with  the  usual  analysis.  In  the  Schulze  Baking  Company 
Building,  the  bending  of  columns  at  edges  of  the  loaded  area  was  an 
important  feature  of  the  action  of  the  structure  in  the  test,  the  largest 
bending  apparently  occurring  in  a  column  at  a  corner  of  the  loaded 
area.  In  the  Worcester  Slab  Test,  the  bending  of  certain  wall  columns 
and  corner  columns  was  apparent  to  the  eye,  and  large  tensile  deforma- 
tions were  observed  in  the  column  reinforcement.  Although  the  bend- 
ing action  was  not  different  from  that  which  may  be  obtained  by  analy- 
sis, it  seems  well  to  call  attention  to  the  phenomena  observed,  since 
provision  for  resisting  the  bending  moment  produced  by  the  eccentric 
loading  of  columns  (both  wall  columns  and  interior  columns)  may  be 
overlooked  by  some  designers. 

8  Iii  the  one  building  in  which  load  was  applied  to  a  wall  panel 
having  a  lintel  beam,  the  Shredded  Wheat  Factory,  diagonal  cracks 
were  found  on  the  interior  side  of  the  lintel  beam  near  its  ends.  None 
was  found  on  the  outside  of  the  beam.  The  cracks  extended  upward 
and  away  from  the  ends  of  the  beam.  The  phenomenon  was  probably 
the  result  of  the  twisting  action  produced  by  bending  moment  devel- 
oped in  the  slab  at  its  edge  by  the  load  on  the  wall  panel  and 
transmitted  to  the  lintel  beam  through  the  monolithic  connection 
between  the  slab  and  the  beam. 

9  In  the  two  one-story  structures  tested,  the  Soo  Terminal  and 
the  Worcester  test  structure,  the  unevenness  of  settlement  of  the  foot- 
ings was  sufficient  to  interfere  with  interpretation  of  the  results.    In 
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a  building  of  several  stories  the  rigidity  of  the  structure  may  be 
expected  to  cause  it  to  settle  more  as  a  unit.  It  is  evident  that  in  a 
one-story  structure  unusual  precautions  should  be  taken  to  guard 
against  uneven  settlement. 

10  The  tests  which  have  given  most  definite  results  and  results 
most  useful  for  comparison  with  analytical  treatment  have  been  made 
on  slab3  whose  thickness  was  small  in  relation  to  the  span. 

11  Progress  in  obtaining  experimental  knowledge  of  flat  slab 
structures  may  best  be  made  through  a  series  of  tests  on  structures 
designed  solely  for  test  purposes  and  planned  systematically  to  bring 
out  the  fundamental  differences  between  different  types  of  design  and 
the  effect  of  varying  certain  elements  of  design.  Occasional  tests  of 
floors  may  give  interesting  information,  but  the  differences  in  design 
and  construction  among  the  different  structures  may  be  so  unsystem- 
atic as  to  make  the  results  not  comparable,  rendering  them  useful 
mainly  for  judging  of  workmanship  and  the  sufficiency  of  the  design. 
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THE  STRENGTH  AND  STIFFNESS  OF  STEEL  UNDER 
BIAXIAL  LOADING. 

I.    Introduction. 

1.  Scope  of  Investigation. — The  purpose  of  this  investigation  was 
to  determine  the  laws  governing-  the  strength  and  stiffness  of  mild  steel 
when  subjected  to  combined  stress  produced  by  two  tensions  at  right 
angles  to  each  other  or  by  a  compression  combined  with  a  tension  at 
right  angles.  In  order  to  give  a  satisfactory  basis  for  comparison  of 
results,  the  plan  of  investigation  provided  that  the  ratio  between  the  two 
stresses  be  kept  constant  throughout  the  test  of  a  specimen,  and  J.  B. 
Johnson's  tangent  method  of  determining  the  "yield  point"  or  "apparent 
elastic  limit"  was  selected. 

The  specimens  tested  were  drawn  steel  tubes  of  uniform  size  and 
practically  of  uniform  thickness.  These  tubes  were  subjected  to  an 
axial  load  and  to  internal  pressure.  The  only  variable  was  the  ratio  of 
the  circumferential  stress  to  the  axial  stress.  Comparison  has  been  made 
only  in  the  test  results  from  sets  of  tubes  cut  from  a  single  length  of 
seamless  drawn  tubing.  By  means  of  strain  gage  readings  a  knowledge 
of  the  distribution  of  stress  on  the  cross  section  was  obtained ;  no  assump- 
tions were  made  except  that  of  uniform  distribution  of  the  circumferential 
tensile  stress  throughout  the  thickness  of  the  tube  wall. 

The  investigations  of  strength  and  of  stiffness  were  carried  on  simul- 
taneously, but  the  results  are  discussed  separately.  The  points  investi- 
gated are : 

( a )  The  change  of  yield-point  stress  of  the  material  with  increas- 
ing ratios  of  circumferential  tensile  stress  to  axial  tensile  or  compressive 
stress. 

(b)  Stiffness  of  the  material  (strains  accompanying  stress)  for 
increasing  ratios  of  circumferential  tensile  stress  to  axial  tensile  or 
compressive  stress. 

No  discussion  has  been  given  of  the  engineering  applications,  for  it 
is  realized  that  while  these  applications  are  important,  more  work  is 
needed  to  establish  the  conclusions  reached.  When  this  has  been  done 
and  all  the  work  has  been  correlated,  it  will  be  a  simple  matter  to  make 
an  application  of  these  principles  to  engineering  design. 

2.  Acknowledgment. — All  the  tests  were  made  in  the  Laboratory 
of  Applied  Mechanics  of  the  University  of  Illinois,  under  the  supervision 
of  Professors  A.  N.  Talbot  and  H.  F.  Moore,  to  whom  acknowledgment 
is  made  for  their  suggestions  and  criticisms  and  for  the  interest  thev 
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have  shown  in  the  progress  of  the  investigation.  Acknowledgment  is 
also  made  to  Mr.  J.  0.  Draffin,  research  fellow  in  the  Engineering  Ex- 
periment Station,  for  his  assistance  in  the  conduct  of  the  various  tests. 
It  is  also  desired  to  make  an  acknowledgment  to  the  Joint  Committee 
on  Stresses  in  Railroad  Track  for  the  use  of  the  new  model  4-in.  Berry 
Strain  Gage. 

3.  General  Statement. — When  a  steel  bar  is  tested  in  tension  or 
compression,  certain  phenomena  are  observed  which  have  been  incor- 
porated as  fundamental  facts  in  the  theories  of  the  elastic  behavior  of 
bodies  under  stress.  In  such  a  test,  both  the  strength  and  the  stiffness 
of  the  material  are  observed,  the  former  by  noting  the  yield  point  and 
ultimate  strength,  the  latter  by  observing  the  unit-strains  corresponding 
to  successive  loads  and  computing  the  modulus  of  elasticity.  Repeated 
experiments  have  shown  that  for  material  of  the  same  composition  and 


Fig.   1.     Illustration  of   Stresses   Produced  ox   Oblique   Planes   in  .  a   Bar 

Subjected  to  Torsion. 


treatment,  these  results  are  practically  constant  and  can  be  used  as  a 
basis  of  design.  The  strength  of  any  material  of  construction  cannot  be 
determined  by  mathematical  analysis,  neither  can  its  stiffness.  Poisson's 
ratio,  modulus  of  elasticity,  yield  point,  and  Hooke's  law  are  experi- 
mental results. 

When  an  investigation  of  combined  stress  is  attempted,  there  arises 
the  question  of  the  extent  to  which  the  calculations  may  be  based  upon 
the  values  obtained  in  the  experiments  in  simple  tension,  compression, 
and  shear.  Constants  determined  by  uni-directional  loading  cannot  be 
indiscriminately  applied  to  bi-directional  loading.  Theories  have  been 
evolved  in  which  these  constants  are  used  by  taking  account  of  the  inter- 
action of  the  applied  stresses.  The  analyses  for  these  are  correct  from  the 
mathematical  standpoint,  but  the  soundness  of  the  basic  assumptions  can 
be  demonstrated  only  by  experiment. 
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Different  combinations  of  simple  stresses  are  possible,  and  it  may 
\>e  expected  that  the  same  analysis  will  not  apply  to  all  combinations. 
The  presence  of  shearing  stress  in  a  bar  subjected  to  simple  tension  and 
the  tensile  and  compressive  stresses  accompanying  the  shearing  stress 
•due  to  a  torsional  load  indicate  that  the  governing  conditions  depend  upon 
the  relative  strength  of  the  material  in  shear,  tension,  and  compression. 
A  cast  iron  bar  tested  in  torsion  fails  in  tension  on  an  oblique  plane, 
because  the  tensile  strength  is  less  than  the  shearing  strength.  It  is, 
therefore,  logical  to  suppose  that  different  stress  combinations  will  pro- 
duce failures  differing  in  character  for  different  materials. 

4.  Combined  Stress. — Three  types  of  stress  applications  are  pos- 
sible, uni-directional  or  simple  stress,  bi-directional  or  biaxial,  and 
tri-directional.  The  first  is  illustrated  by  a  specimen  subjected  to  tension 
•or  compression  in  an  ordinary  testing  machine.  Bi-directional  or  biaxial 
stress  is  the  application  of  two  stresses  in  the  same  plane  acting  in 
directions  at  right  angles  to  each  other.  Tri-directional  stress  is  the 
application  of  three  stresses  at  right  angles  to  each  other.  The  condi- 
tion of  biaxial  stress  is  more  important,  from  the  point  of  view  of  the 
•engineering  applications,  than  that  of  three  stresses  at  right  angles  to 
•each  other. 

The  possible  combinations  of  biaxial  stress  are  as  follows: 

Tension  with  tension. 
Tension  with  compression. 
Compression  with  compression. 
Compression  with  tension. 
Shear  (torsion)  with  tension. 
Shear  (torsion)  with  compression. 

These  may  be  divided  into  three  classes,  tension  with  tension  and  compres- 
sion with  compression  forming  the  first,  tension  with  compression  and 
•compression  with  tension  the  second,  and  the  combination  of  either  tension 
or  compression  with  torsion  forming  the  third.  The  third  class  includes 
also  two  special  cases  of  the  second  class ;  for  a  simple  torque  is  equivalent 
to  two  equal  principal  stresses,  one  compression  and  the  other  tension,  so 
that  a  torque  combined  with  tension  or  compression  can  be  reduced 
to  the  case  of  tension  combined  with  compression  or  vice  versa.  This 
■equivalence  will  readily  be  seen  by  considering  a  bar  of  circular  cross- 
section  subjected  to  torsion  alone,  Fig.  1.  The  stress  on  a  plane  at 
right  angles  to  the  bar  is  a  pure  shearing  stress,  depending  in  intensity 
upon  the  diameter  of  the  bar  and  upon  the  torque.  But  this  is  not 
the  only  plane  of  stress.    As  in  a  bar  in  simple  tension,  so  in  this  case 
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there  are  planes  on  which  both  tensile  and  shearing  stresses  occur;  there 
are  also  planes  upon  which  no  shearing  stresses  occur.     Eeferring  to  Fig. 

I,  with  the  torque  as  shown  by  the  arrow,  the  stress  on  tbe  45°  plane  CD 
is  tension,  and  on  plane  AB  at  right  angles  to  this  plane,  the  stress  is 
compression.  This  is  equivalent  to  a  biaxial  loading  which  develops  a 
tensile  and  a  compressive  stress  at  right  angles  to  each  other  and  each 
equal  to  the  shearing  stress.  It  should  be  noted  that  there  are  stresses 
on  oblique  planes  which  may  control  the  strength  of  the  material. 

Applications  of  combined  stress  are  to  be  found  in  the  familiar  ex- 
amples of  the  steam  boiler  for  tension  combined  with  tension,  and  of 
the  crank  shaft  for  tension  or  compression  combined  with  torque.  Bi- 
axial stresses  occur  in  flat  plates  and  in  flat  concrete  slabs  or  girderless 
floors. 

II.  Theories   of   the   Strength   of   Materials   Under   Combined 

Stri>>. 

5.  The  Six  Theories. — The  mathematical  discussion  of  stresses  and 
strains  in  a  thin  tube  under  axial  load  and  internal  pressure  is  given 
in  Appendix  II,  page  58.  It  follows  closely  the  method  used  by  Love* 
in  his  work  on  tbe  theory  of  elasticity,  to  which  those  who  wish  to  in- 
vestigate the  subject  further  are  referred. 

Six  theories  have  been  advanced  to  cover  the  problems  of  the 
strength  of  material  under  combined  stress.  Two  of  them  are  empirical, 
one  is  developed  from  a  molecular  hypothesis,  one  from  the  mathematical 
theory  of  elasticity,  and  two  from  static  relations  of  stresses.  Three  of 
these  theories  have  found  considerable  favor  and  are  given  first. 

6.  The  Maximum  Strain  Theory. — In  the  mathematical  theory 
of  elasticity,  after  the  relations  between  stress  and  strain  are  established 
for  simple  stress,  three  equations  of  the  following  types  are  derived : 

Ee1  —  a1 (o-2  +  cr3), 

m 

where  a1}  a2,  and  a3  are  the  three  stresses  at  right  angles  to  each  other, 

E  is  the  modulus  of  elasticity  assumed  constant  in  all  directions,  et  is 

the  unit-strain  in  the  direction  of  a1,  and  —  is  Poisson's  ratio.f    Stresses 

m 


*The    Mathematical   Theory    of   Elasticity,   A.    E.    H.    Love. 

tA  stress  in  any  direction  produces  strain  in  that  direction  and  also  strain  at  right 
angles  to  that  direction.  The  numerical  ratio  between  the  unit-strain  at  right  angles  to 
the  direction  of  the  force  and  the  unit-strain  in  the  direction  of  the  force  is  called 
Poisson's   ratio. 
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are  considered  positive  if  tension,  and  negative  if  compression.  Eer  is 
called  by  various  writers  the  reduced  stress,  the  true  stress,  or  the  ideal 
stress,  but  as  the  term  stress  is  generally  used  by  engineers  to  mean  an 
internal  resisting  force  which  holds  external  forces  in  equilibrium  it 
seems  best  to  refer  to  it  merely  as  Ee.  Writing  two  equations  similar 
to  the  above  for  Ee2  and  Ee3,  the  three  equations  for  the  reduced  stress 
are  obtained.  The  maximum  strain  theory  takes  these  three  equations 
and  assumes  that  whatever  the  combination  of  stresses,  the  material  will 
fail  when  the  maximum  strain  (which  will  be  in  the  direction  of  the 
greatest  stress)  reaches  a  value  equal  in  magnitude  to  that  at  the  yield- 
point  stress  in  simple  tension  or  compression.  Ee  at  the  yield-point 
stress  for  any  combination  of  stresses  must  be  the  same,  provided  the 
yield-point  stress  is  the  same  for  tension  as  for  compression.  For 
ductile  materials,  E  is  usually  assumed  to  be  constant  and  it  follows 
that  £  must  be  the  same  when  the  yield-point  stress  of  the  material  is 
reached,  no  matter  what  combination  of  stresses  is  used.  But  for  a 
brittle  material,  where  E  varies,  the  strain  e  must  vary  in  an  inverse 
ratio ;  that  is,  the  product  remains  constant. 

The  maximum  strain  theory,  or  St.  Tenant's  theory  as  it  is  some- 
times called,  holds  that  when  a  material  is  subjected  to  two  or  three 
stresses  at  right  angles  to  each  other,  its  strength  is  increased  if  the 
stresses  are  of  like  sign  and  that  its  strength  is  diminished  if  the  stresses 
are  opposite  in  sign.  Thus  two  tensions  or  two  compressions  will  pro- 
duce an  increase  in  the  elastic  strength  of  the  material,  whereas  a  tension 
combined  with  a  compression  produces  a  reduction  in  strength.  For  a 
stress  ratio  of  one  to  one,  both  stresses  tension,  the  material  will  be 
increased  in  strength  43  per  cent  if  Poisson's  ratio  is  0.3,  while  if  one 
stress  is  tension  and  the  other  compression,  it  will  be  weakened  23  per 
cent  for  the  same  stress  ratio. 

If  in  the  equation  for  reduced  stress  given  above,  <r2  and  a3  are  zero, 
the  case  is  that  of  a  bar  in  simple  tension  (compression  is  expressed  as 
negative  tension)  and  dividing  both  sides  of  the  equation  by  e1}  the  result 
is  the  equation  of  the  modulus  of  elasticity. 

For  combined  stress  according  to  this  theory,  then,  the  strain  ac- 
companying a  given  stress  is  changed  by  the  addition  of  another  stress, 
at  right  angles  to  the  first.  It  is  increased  if  the  stresses  have  unlike 
signs  and  diminished  if  they  have  like  signs.  Also,  the  strain  e  is  the 
measure  of  Ee  (the  reduced  stress)  and  the  material  will  not  reach  the 
yield  point  until  the  strain  e  reaches  the  value  corresponding  to  the 
strain   obtained   in   simple   tension   at  the   yield   point.      It   should   be 
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emphasized  that  all  elastic  theory  holds  only  within  the  elastic  limit,  or 
more  correctly  within  the  limit  of  proportionality,  where  E  remains 
constant  for  an  individual  stress-strain  diagram.  But  the  slight  varia- 
tion up  to  the  yield  point,  even  though  the  value  of  E  does  change 
slightly,  does  not  invalidate  the  theory,  and  the  yield  point  is  commonly 
taken  as  the  limit  of  the  discussion. 

The  maximum  strain  theory  is  based  upon  the  mathematical  theory 
of  elasticity.  Temperature  effect  is  neglected  and  Hooke's  law  is  assumed 
to  hold  rigidly.  Herein  lies  its  weakness,  for  the  maximum  strain  theory, 
like  the  mathematical  theory  of  elasticity,  is  dependent  upon  the  accuracy 
of  the  relation  assumed  between  stresses  and  strains.  It  has  been  shown* 
that  there  is  a  cooling  of  a  bar  of  metal  as  the  stress  is  increased  up  to> 
the  yield-point  stress  and  it  is  also  well  known  that  Hooke's  law  is  only 
an  approximation.!  A  very  good  approximation  it  is,  to  be  sure,  for 
engineering  purposes,  but  lack  of  isotropy  in  the  materials,  cold  working 
and  similar  causes  tend  to  change  conditions,  so  that  a  slight  deviation 
from  Hooke's  law  may  be  observed  considerably  before  the  yield-point 
stress  is  reached.  While  the  maximum  strain  theory  has  a  good  founda- 
tion, it  must  not  be  expected  that  the  measured  strains  upon  a  body 
known  to  be  not  wholly  isotropic,  will  conform  exactly  to  this  theory  of 
stiffness. 

The  question  of  strength  is  quite  different,  for  there  is  no  assurance 
that  the  strains  are  the  true  measures  of  strength.  Eeasonable  as  the 
assumption  may  be,  it  is  an  assumption  whose  correctness  must  be 
demonstrated  by  experiment. 

7.  The  Maximum  Stress  Theory. — The  maximum  stress  theory, 
or  Eankine's  theory  as  it  is  sometimes  called,  virtually  assumes  that  what- 
ever the  ratio  of  the  stresses  in  the  two  directions  and  whether  they  are 
of  like  or  opposite  sign,  the  material  will  reach  the  yield  point  when,  and 
only  when,  one  of  the  stresses  reaches  the  value  corresponding  to  the 
yield-point  stress  in  simple  tension  or  in  compression,  as  the  case  may  be. 
It  takes  no  account- of  Poisson's  ratio  as  affecting  strength  and  assumes 
that  a  material  is  neither  weakened  nor  strengthened  by  the  addition  of 
a  second  stress  at  right  angles  to  the  first.  If,  then,  this  theory  holds, 
the  material  should  reach  its  yield  point  when  the  greater  stress  reaches 
the  yield  point  stress  for  uni-directional  loading. 

8.  The  Maximum  Shear  Theory. — In  the  preceding  theories  failure 


*C.  A.   P.  Turner,  Trans.  Am.   Soc.   C.  E.,   1902.     Lawson  and  Capp,  Inter.  Assn.  Test. 
Mat.,  1912.     Ew.  Rasch,  Inter.  Assn.  Test.   Mat.,  1909. 
tHedrick,   Engineering  News,    Sept.    16,   1915. 
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by  yielding  is  considered  to  take  place  in  tension  or  compression,  whereas 
the  maximum  shear  theory,  or  Guest's  law  as  it  is  sometimes  called, 
holds  that  all  failures  are  failures  by  yielding  due  to  shear  when  the 
shearing  unit-stress  reaches  the  shearing  yield-point  stress.  Therefore, 
if  loads  are  gradually  applied  to  two  specimens  developing  simple  stress 
in  one  and  combined  stress  in  the  other  but  so  as  to  keep  the  shearing 
stresses  the  same  in  each  specimen,  the  yielding  failure  in  the  two  cases 
will   be   identical. 

The  basic  principle  of  the  maximum  shear  theory,  that  the  failure 
in  combined  stress  is  the  result  of  the  shearing  stress  reaching  the  shear- 
ing yield-point  stress,  when  carried  to  its  logical  conclusion  demands 
that  when  two  of  the  principal  stresses  are  zero  the  failure  is  still  due 
to  shear.  A  steel  bar  subjected  to  axial  tension  only  must  therefore  fail 
in  shear.  The  maximum  shear  in  this  case  occurs  on  a  45°  plane  and  its 
intensity  is  one-half  the  tensile  unit-stress.  If  the  yielding  due  to  shear- 
ing stress  occurs  at  the  same  time  as  yielding  due  to  tensile  stress  the 
yield  point  unit-stress  of  the  material  in  shear  must  be  just  one-half 
that  in  tension,  but  if  the  shearing  yield-point  stress  is  reached  first — as 
this  theory  maintains — then  the  ratio  is  somewhat  less  than  one-half. 

If  the  stresses  which  are  combined  are  a  compression  and  a  tension, 
the  resulting  maximum  shearing  unit-stress  is  one-half  the  sum  of  the 
tensile  and  compressive  unit-stresses.  When  the  tensile  and  compressive 
stresses  are  equal,  the  intensity  of  the  shearing  stress  is  equal  to  the 
intensity  of  the  tensile  or  compressive  stresses  and  failure  will  take  place 
by  shear  unless  the  shearing  yield-point  stress  is  equal  to  or  greater  than 
that  of  either  tension  or  compression.  It  seems  entirely  possible,  then, 
that  failure  may  be  caused  under  certain  conditions  by  shear  and  that 
in  other  cases  its  intensity  may  be  insufficient  to  cause  yielding,  the 
tensile  or  the  compressive  yield-point  stress  being  reached  first. 

Considering  compression  as  negative  tension,  there  are  two  kinds  of 
elementary  stress  treated  in  mechanics — tension  and  shear.  They  are 
quite  distinct  and  have  different  accompanying  phenomena.  While  a 
definite  relationship  may  be  established  between  the  shearing  and  tensile 
stresses,  the  material  may  fail  either  in  tension  or  in  shear.  This  is 
suggested  by  the  fact  that  mild  steel  in  torsion  gives  a  square  break,  a 
shearing  failure,  but  cast  iron  tested  in  torsion  breaks  along  a  helicoid, 
failing  in  tension  because  the  material  is  weaker  in  tension  than  in  shear. 

This  duality  of  conditions  while  not  entirely  overlooked,  has  been 
advanced  heretofore  solely  to  form  two  distinct  theories  of  failure,  but 
these  have  not  been  connected.     The  possibility  that  both  shear  and 
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tension  may  govern,  each  within  certain  limits,  has  apparently  not  been 
mentioned  in  the  publications  and  discussions  on  this  subject.  Mallock* 
lias  stated  a  dual  law  which  is  quite  different  from  that  discussed  above. 
He  proposes  a  volume  extension  limit  and  a  shear  limit,  each  dependent 
upon  the  other,  and  assumes  that  tbe  material  will  fail  when  the  limit 
of  either  is  reached.  This  is  quite  distinct  from  the  simple  stresses  as 
controlling  factors  in  the  failure  of  the  material,  but  it  recognizes  the 
possibility  of  dual  control. 

The  usual  stress  derivation  for  combined  stress  given  in  textbook 
is  based  upon  the  static  equilibrium  of  forces  and  an  application  is  made 
to  a  circular  shaft  in  combined  bending  and  torsion.  A  solution  is  given 
for  the  maximum  normal  stress  and  shearing  stress  on  oblique  planes, 
and  safe  working  stresses  are  assigned.  The  assignment  of  working 
stresses  in  shear  and  tension  fixes  an  arbitrary  ratio  of  shear  to  tension, 
and  the  larger  of  the  two  shaft  diameters  determined  by  the  two  formulas 
is  to  be  taken. 

9.  The  Internal  Friction  Theory. — A  short  cylinder  of  brittle 
material  when  tested  in  compression  fractures  by  shearing  along  a 
diagonal  plane  which,  if  failure  be  due  to  shear,  should  make  an  angle 
of  45°  with  the  axis,  since  this  is  the  plane  of  greatest  shearing  intensity. 
But  the  angles  observed  in  experiments  differ  from  45°.  In  the  attempt 
to  explain  this  variation  the  theory  of  internal  friction  has  resulted. 
When  two  particles  under  stress  tend  to  slide  over  each  other,  a  condi- 
tion is  set  up  similar  to  that  of  ordinary  sliding  friction.  On  the  sup- 
position that  this  resistance  is  similar  to  sliding  friction,  one  of  the  laws 
governing  the  latter  is  applied;  namely,  that  the  coefficient  of  internal 
friction  is  independent  of  the  load  or  stress.  Therefore,  slipping  will 
occur  along  the  surface  of  the  plane  inclined  at  an  angle  (3  with  the 

axis  of  the  specimen  such  that  (3  =  45°  —  —    for    compression    and 

/?  =  45°  +  —  •  for  tension.     <f>  is  the  angle  of  friction  and  tan  <j>  =  fi, 

tho  coefficient  of  friction.  If  the  limiting  friction  per  unit  of  surface 
is  the  same  for  tension  and  for  compression,  then  the  normal  stress  on 
the  surface  of  slipping,  at  the  instant  when  yielding  begins,  must  be 

the  same  in  each  case,  since  this  is    -  times  the  limiting  friction. 

It  has  been  said  that  the  chief  difference  between  the  internal  fric- 
tion theory  and  the  maximum  shear  theorv  is  that  the  former  is  based 


*Proc.    Royal   Society  of   London,   1909. 
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upon  a  maximum  resistance  to  sliding,  while  the  latter  is  based  upon  a 
maximum  shearing  stress.  If  the  angle  of  friction  is  zero,  the  internal 
friction  theory  becomes  the  maximum  shear  theory. 

10.     Moii/s  Theory.* 

Let  fc,  =  the  shearing  yield-point  stress. 

Let  A-,  =  the  stress  in  compression  and  in  tension  (equal)  which  to- 
gether produce  a  shearing  stress  equal  to  the  shearing  yield-point 
stress.  A-4. 

Let  l\  =  the  tensile  yield-point  stress. 

Let  h2  —  the  compressive  yield-point  stress. 

Mohr  derives  the  formulas : 

fci   ^2    ~„/i    7.   —  * 


l'*  =  /.  +  I    and    l'*  =  2  ^  A>1  A*2 

The  usual  theory  developed  from  the  static  relation  of  stresses  gives 
for  two  equal  stresses  of  unlike  sign  the  following  relation  for  the  stress 
intensities: 

Shearing  stress  =  ^  (tensile  stress  +  compressive  stress)  which  is 
the  same  as  Mohr's  theory  when  the  tensile  and  compressive  yield-point 
stresses  are  equal.  Mohr's  theory  is  an  attempt  to  modify  the  shearing 
yield-point  stress  according  to  the  tensile  and  compressive  yield-point 
stresses.  When  these  are  equal  this  theory  presents  nothing  new,  for  it 
then  coincides  with  the  maximum  shear  theory.  If  the  yield-point  stresses 
are  different,  Mohr's  theory  brings  in  a  new  relation  regarding  the  shear 
failure  in  combined  stress.  It  is  virtually  an  acceptance  of  the  maximum 
shear  theory  with  the  definition  of  the  value  of  that  shear  at  the  yield- 
point. 

11.  M'cliage's  Theory .f — This  theory  is  based  upon  a  few  experi- 
ments on  cross-shaped  pieces  of  paper  submitted  to  tension  in  two  direc- 
tions at  right  angles  to  each  other.  If  the  material  has  a  different  yield- 
point  stress  in  the  two  directions,  the  following  elliptic  relation  is  given 
as  an  empirical  deduction : 

1\  and  T2  are  the  yield-point  or  the  ultimate  stresses  in  the  two 
directions  (as,  for  instance,  with  and  across  the  direction  of  rolling), 
and  £,  and  /„  are  the  applied  stresses  in  the  corresponding  directions. 
When  2\  =  T2,  this  elliptic  relation  becomes  a  circular  one. 

This  theory  assumes  that  the  material  is  weakened  by  the  applica- 

*Zeitschrift  des  Vereines  Deutcher  Ingenieure.  1900. 
tZeitSchrift   <]?*   Vereines   Deutcher   Ingenieure.    1905. 
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tion  of  two  tensions  for  the  reason  that  such  stresses  tend  to  lessen  the 
cohesion  between  the  fibers.  The  assertion  is  also  made  that  a  com- 
pression combined  with  a  tension  should  strengthen  the  material  by 
increasing  this  cohesion,  although  no  formula  is  proposed. 

12.  Graphical  Presentation  of  Three  Theories. — A  graphical  pre- 
sentation frequently  serves  to  give  a  better  idea  of  the  working  of  a 
theory  or  formula  and  for  this  reason  the  three  most  important  theories 


Tension 


Fig.  2.    Graphical  Representation  of  Stresses  According  to  the  Maximum 

Strain  Theory. 


are  represented  in  Fig.  2,  3,  and  4,  for  the  four  combinations  of  simple 
tension  and  compression.  To  make  the  presentation  more  general,  differ- 
ent yield-point  stresses  in  compression  and  in  tension  have  been  assumed 
where  this  is  possible. 

Maximum  Strain  Theory.  Let  OA  (Fig.  2)  and  OB  represent  the 
yield-point  stress  in  simple  tension  and  OC  and  OD  that  in  compression. 
A  tensile  stress  equal  to  OE  would  require  a  tensile  stress  equal  to  OF 
at  right  angles  to  cause  yielding.  For  two  equal  tensile  stresses  the 
condition  of  yielding  would  not  be  reached  until  each  stress  attained 
the  value  OG,  equal  to  OH.    The  increase  in  strength  is  OG  —  OB. 

For  a  compression  combined  with  an  equal  tension,  yielding  would 
occur  when  each  stress  attained  the  value  0  N,  equal  to  0  M.  The  other 
two  quadrants  are  similar,  two  compressions  producing  the  same  relative 
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effect  as   two  tensions,   and   a   tension   and   compression   producing   a 
corresponding  effect  to  a  compression  and  a  tension. 

Maximum  Stress  Theory.  Yielding  takes  place  in  tension  or  in 
compression  and  since  the  stress  in  one  direction  is  not  affected  by  a 
second  stress  at  right  angles  to  the  first  the  diagram  will  be  a  square. 
The  center  of  the  square,  however,  will  not  be  the  origin  of  co-ordinates 
since  the  tensile  and  compressive  yield-points  will  in  general  be  different. 
If  a  tensile  stress  OB  or  a  compressive  stress  OD,  Fig.  3,  equal  to  the 
yield-point  stress,  is  applied  in  one  direction,  any  stress,  OE  less  than 
the  yield-point  stress  in  tension,  may  be  applied  at  right  angles  without 
causing  further  yielding.    In  other  words  a  second  stress  acting  at  right 
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Fig.  3. 


Graphical  Representation  of  Stresses  According  to  the  Maximum 
Stress  Theory. 


angles  to  the  first  yield-point  stress  does  not  change  the  yield-point 
stress  of  the  material. 

Maximum  Shear  Theory.  The  first  and  third  quadrants  (Fig.  4) 
correspond  to  the  maximum  stress  theory.  This  follows  from  the  fact 
that  the  shearing  stress  equals  one-half  the  difference  between  the  great- 
est and  the  least  of  the  three  principal  stresses.  For  biaxial  loading  one 
of  the  three  principal  stresses  is  zero  and  in  the  first  and  third  quadrants 
the  other  two  are  of  like  sign,  hence  the  shearing  stress  will  be  one-half 
the  greatest  stress.     But  the  limiting  shearing  stress  must  be  constant, 
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therefore  the  greatest  limiting  principal  stress  must  be  constant  and 
for  like  stresses  (first  and  third  quadrants)  the  diagram  corresponds 
to  the  maximum  stress  theory.  For  a  combination  of  tension  and  com- 
pression (second  and  fourth  quadrants)  the  lines  CB  and  AD  are 
inclined  at  an  angle  of  45°,  because  the  tensile  stress  plus  the  compressive 
stress  is  a  constant  and  is  equal  to  twice  the  shearing  stress. 

t  +  c  =  constant. 
By  setting  t  and  c  each  equal  to  zero  in  turn,  it  is  seen  that  t  must 
equal  c,  and  this  theory  demands  an  equal  yield-point  stress  for  tension 


Fig.  4.     Graphical  Representation  of  Stresses  According  to  the  Maximum 

Shear  Theory. 

and  compression.     Two  equal  stresses  of  unlike  sign   will  then  cause 
yielding  of  the  material  when  each  stress  equals  OX  or  OM. 

III.     Experimental  Work. 

13.  Form  of  Specimen. — The  selection  of  the  type  of  specimen  to 
be  used  in  the  experimental  work  was  a  problem  of  considerable  difficulty. 
Specimens  subjected  to  direct  tension  or  compression  in  two  directions 
were  not  considered  because  of  complications  produced  by  the  method  of 
application  of  the  load.  A  cube  subjected  to  compression  in  two  direc- 
tions could  easily  have  been  set  up,  but  the  friction  between  the  bearing 
blocks  and  surfaces  of  the  cube  introduces  inequalities  and  resistance 
to  the  change  in  cross  section  which  could  easily  vitiate  the  results.* 


*See   Zeitschrift   des  Vereins   Deutscher   Ingenieure,   1900,   p.   1530. 
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A  large  number  of  short  square  steel  bars,  closely  spaced  to  form  in  effect 
a  bearing  block,  were  considered  not  to  obviate  this  difficulty  sufficiently. 
Similarly,  a  tension  specimen  held  at  the  four  edges  would  not  be 
practicable.  Direct  stress  application  seemed  out  of  the  question,  and 
recourse  was  first  had  to  bending  to  produce  stresses  in  two  directions 
at  right  angles  to  each  other. 

The  first  biaxial  stress  experiments  in  this  series  of  tests  were  made 
upon  flat  cross-shaped  specimens  subjected  to  cross  bending  to  produce 
two  compressions  or  two  tensions  at  right  angles  to  each  other.  The 
stress  distribution  was  so  far  from  regular  that  no  safe  comparisons 
could  be  made.  Such  difficulties  were  encountered  that  this  form  of 
test  specimen  was  discarded. 

After  a  preliminary  test,  thin  tubes  were  adopted  as  the  form  of 
test  specimen.  They  proved  satisfactory  on  account  of  the  certainty 
with  which  biaxial  stress  of  known  magnitude  could  be  applied  by  means 
of  an  axial  load  in  a  testing  machine  and  internal  hydrostatic  pressure 
producing  a  circumferential  tension.  This  method  gives  two  well  defined 
principal  stresses  at  right  angles  to  each  other,  the  stress  in  the  third 
direction  being  small  since  it  varies  from  the  intensity  of  the  hydro- 
static pressure  on  the  inside  to  zero  on  the  outside.  It  is  much  easier 
to  cover  the  total  range  of  stress  ratios  by  the  use  of  hydrostatic  pres- 
sure and  axial  tension  or  compression  in  the  tubes,  than  to  use  torque 
and  axial  load  on  solid  bars.  The  latter  method  is  inferior  to  the  tube 
tests  since  only  a  small  portion  of  the  material  is  carried  to  the  yield- 
point  stress.  The  experiments  are  more  successful  when  as  much  of  the 
specimen  as  possible  is  uniformly  stressed,  and  the  best  condition  is 
that  wherein  the  entire  specimen  is  uniformly  stressed.  This  is  true  both 
on  account  of  the  pronounced  yield-point  effect  and  on  account  of  the 
smallness  of  the  strains  to  he  measured.  The  thinness  of  the  wall  and 
the  relatively  large  tube  diameter  made  the  stresses  practically  uniform 
throughout  the  tube.  It  may  be  expected  that  the  stress-strain  diagrams 
will  show  a  much  sharper  break  than  for  solid  bar  specimens  and  the 
yield  point  is  more  positively  determined.  There  are  no  greater  eccen- 
tricities of  application  of  load  when  using  the  tube  than  when  working 
with  a  solid  bar,  and  on  account  of  the  greater  diameter  of  the  tube,  this 
eccentricity  is  relatively  less  important. 

Strains  were  measured  by  means  of  a  Berry  strain  gage,  using  a 
2-in.  gage  length  in  the  cross  bending  tests  and  a  4-in.  gage  length 
in  the  tube  tests.     The  accuracy  and  reliability  of  an  instrument  of 
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this  type  has  been  demonstrated  repeatedly  and  reference  is  made 
to  the  tests  by  A.  N.  Talbot  and  W.  A.  Slater  on  reinforced  con- 
crete buildings,  as  given  in  Bulletin  No.  64  of  the  Engineering  Experi- 
ment Station  of  the  University  of  Illinois,  to  show  what  results  may  be 


Fig.  5.    View  Showing  Cross-Bendixg  Test  Specimen  Under  Load. 


achieved  with  such  an  instrument.  A  discussion  of  the  strain  gage  and 
its  use  is  given  in  a  paper  by  Slater  and  Moore  in  Vol.  XIII  of  the 
Proceedings  of  the  American  Society  for  Testing  Materials. 

The  use  of  the  strain  gage  marks  a  decided  advance  in  the  measure- 
ment of  strains.  With  this  instrument  it  was  possible  in  these  tests 
to  take  twenty-eight  readings  on  as  many  gage  lines  for  each  increment 
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of  load,  whereas  other  investigators  have  been  able  to  take  four  at  the 
most  and  often  only  two.  The  advantage  of  a  portable  instrument 
over  an  attached  one  is  very  great  and  the  rapidity  of  operation  and 
freedom  from  danger  of  jarring  the  instrument  as  well  as  the  ability 
to  read  overlapping  gage  lines,  as  was  done  in  these  tests,  marks  a 
decided   step   in   advance. 

14.  Cross-bending  Tests. — The  set-up  for  the  bending  tests  is 
shown  in  Fig.  5.  Two  specimens  were  prepared  from  V^-in.  soft  steel 
plate  of  the  shape  shown  in  the  figure.  Tension  specimens  were  pre- 
pared from  the  portions  cut  away.  In  order  to  have  the  upper  surface 
unobstructed  for  the  use  of  the  strain  gage,  the  beam  was  loaded  as  an 
overhung  beam  with  four  equal  loads  placed  symmetrically  one  on  each 
projection  of  the  cross-shaped  specimen.  The  center  part  of  the  cross 
was  thus  subjected  on  the  top  to  two  tensions  at  right  angles  to  each 
other. 

Load  was  applied  by  placing  known  weights  on  the  yokes  at  the 
ends  of  the  arms  of  the  specimen,  thus  giving  a  definite  bending  moment. 
The  strains  were  measured  over  2-in.  gage  lines  with  a  Berry  strain  gage. 
Instead  of  a  uniform  stress  over  the  center  portion  of  the  test  piece,  the 
readings  showed  a  considerable  variation.  The  effect  of  the  sharp,  re- 
entrant angles  at  the  corners  in  changing  the  lines  of  stress  must  have 
been  considerable,  for  the  yield  point  was  reached  first  at  the  corners. 
The  lines  of  yielding  spread  inward  along  a  line  making  an  angle  of 
approximately  45°  with  the  center  lines.  As  the  load  was  increased 
these  lines  divided,  curving  toward  the  adjacent  corners,  gradually 
changing  direction  and  becoming  parallel  to  the  lines  of  symmetry  of 
the  specimen  shortly  before  the  lines  from  adjacent  corners  joined.  New 
lines  formed  beside  the  first  ones  and  others  appeared  outside  the  center 
of  the  cross.  The  latter  were  straight  and  parallel  to  the  support.  The 
lines  are  clearly  shown  in  Fig.  6,  which  is  from  a  photograph  of  the 
compression  side  of  the  first  specimen  tested.  The  lines  marking  the 
square  from  corner  to  corner  and  the  center  lines  were  used  to  lay  out 
the  specimen  and  must  not  be  confused  with  the  lines  of  yielding.  The 
specimen,  considered  as  a  beam,  widens  abruptly  for  the  center  four 
inches,  but  the  effect  of  this  increased  width  in  carrying  stress  was  slight. 
The  places  of  greatest  stress  were  near  each  corner  and  to  measure  the 
maximum  strain  would  have  required  a  very  short  gage  line.  This 
stress  condition  is  due  to  the  form  of  the  specimen  rather  than  to  com- 
bined stress. 

15.  Tube    Specimens. — Specimens    made   from    6-in.    tubes    with 
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i/^-in.  walls  were  used.  Four  lengths  of  seamless  drawn  tubing  were 
bought  in  the  open  market  and  made  into  test  specimens.  A  series  num- 
ber was  given  to  the  specimens  cut  from  a  length  of  tubing  and  each 
specimen  was  numbered  individually.    The  number  of  the  test  specimens 


Fig.  6. 


View  Showing  Compression   Side  of  Cross-Bendixg  Test  Specimen- 
After  Test. 


in  each  series  cut  from  each  length  of  tubing  and  the  character  of  the 
stresses  applied  are  as  follows : 


Character  of   Combined   Stress 
Tension  with  tension 
Tension  with  tension 
Compression   with   tension 
Tension  with  tension 


Number  of 

Specimen 

Series 

Specimens 

Number 

1 

5 

1-2-3-4-5 

2 

4 

6-7-8-9 

3 

6 

1-2-3-4-5 

4 

5 

8-9-10 
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Tube  N<».  6  of  Series  3  and  tube  No.  7  of  Series  4  were  tested  in 
torsion  only.  There  was  a  marked  difference  in  the  physical  properties 
of  the  material  of  the  four  lengths  of  tubing.  This  is  shown  by  the 
stress-strain  diagrams  of  the  tensile  tests  made  on  specimens  cut  from 
the  tubes.     The  yield  point  stress  varied  from  21,500  II).  per  sq.  in.  to 


a  b  c  D 

\:\  ;.  7.     Dimensions  of  Tube  Test  Specimen. 


/e.'/rfs.///?. 


50,000  lb.  per  sq.  in..  Series  1,  2,  3,  and  4  having  yield-point  stresses  of 
42,500,  21,500,  24,000,  and  50,000  lb.  per  sq.  in.  respectively.  The 
tubes  were  not  annealed,  but  the  first  three  series  gave  very  uniform 
results  for  all  gage  lines,  and  showed  a  decided  change  at  the  yield  point. 
The  specimens  of  Series  4  showed  a  much  greater  variation.  The  be- 
havior was  that  of  hard,  brittle  steel   of  quite  irregular   composition. 


.^ 


Fig.  S.     Arrangement  of  Gage  Holes  on  Tubes. 

There  was  little  reduction  of  area  and  the  rupture  was  sharp  and 
sudden,  both  in  the  tension  specimens  and  in  the  one  tube  that  broke 
during  testing.  The  stress-strain  diagram  for  the  Series  4  show  only 
qualitative  results.  These  tubes  were  not  suited  for  a  test  of  this  charac- 
ter, the  inner  and  outer  circumferences  of  the  tube  before  machining 
were  not  concentric  circles,  and   some  gage  lines  gave  diagrams   that 
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curved  throughout,  similar  to  the  diagrams  of  drawn  wire.  There  was 
no  well-defined  yield  point.  As  the  stress-strain  diagrams  did  not  give 
positive  results,  no  use  will  be  made  of  this  series. 

16.     Preparation    of    the    Tubes. — The    test    specimens    were    first 
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Fig.  9.    Location  of  Gage  Lines  ox  Developed  Outer  Surface  of  a  Tube. 


bored  out  for  the  entire  length  on  a  horizontal  boring  mill  and  then 
turned  to  the  dimensions  shown  in  Fig  7.  Each  tube  was  threaded  on 
the  two  ends  with  a  taper  thread  of  twelve  threads  per  inch  over  a  length 
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of  three  inches.  The  tube  was  left  full  thickness  for  about  an  inch 
beyond  the  threads  to  furnish  a  bearing  for  packing.  The  remainder  of 
the  tube  was  turned  to  an  approximate  thickness  of  3/32  in.  except 
for  four  bands  of  1/4-in.  width  spaced  four  inches  apart  along  the  tube. 
The  greater  part  of  these  bands  were  afterwards  milled  off  leaving  four 
projections  on  each  band  for  the  gage  holes.  The  tube  was  thus  spanned 
with  four  circumferential  gage  lines  each  four  inches  long.  The  axial 
gage  lines  used  one  of  the  two  holes  so  that  the  projections  could  be 
reduced  to  the  smallest  possible  size.  This  gave  four  rows  of  three 
axial  gage  lines  each,  twelve  in  all,  and  four  bands  of  four  circum- 
ferential gage  lines,  sixteen  in  all,  making  it  necessary  to  take  twenty- 
eight  readings,  exclusive  of  the  standard  bar  and  check  readings  for 
each  increment  of  load.  The  standard  bar  readings  are  necessary  in 
tests  with  the  strain  gage  to  detect  variations  in  the  instrument  due  to 
temperature  or  jarring  of  the  points. 

Fig.  9  shows  the  position  of  the  gage  lines  on  a  developed  surface  of 
a  tube  specimen.  The  circumferential  bands  were  lettered  A,  B,  C,  and 
D;  the  axial  lines  were  numbered  1,  2,  3,  and  4.  Thus  an  axial  gage 
line  would  take  two  holes  in  the  same  axial  line,  but  in  two  consecutive 
circumferential  bands.  It  would,  consequently,  be  called  by  the  letters 
of  the  bands,  in  order,  and  by  the  number  of  the  axial  line.  Thus  AB  3 
would  be  an  axial  gage  line  spanning  the  distance  between  the  circum- 
ferential bands  A  and  B  and  lying  along  the  axial  line  3.  As  soon  as 
the  tube  was  machined  the  numbering  was  fixed  and  the  projections  on 
the  A  band  marked  with  small  prick  punch  marks  to  identify  the  axial 
lines.  In  this  way  the  readings  for  the  thickness  of  the  tube  walls  could 
be  correlated  with  the  strain  gage  readings.  The  gage  holes  were  drilled 
by  hand  using  a  No.  54  drill.    They  were  not  reamed. 

The  boring  of  the  tube  caused  a  slight  change  of  shape  of  the 
cross  section  due  to  the  removal  of  the  inner  skin  of  metal,  and  after  the 
outside  was  turned  the  thickness  was  uniformly  varying,  usually  having 
two  points  of  maximum  thickness  diametrically  opposite,  and  at  90° 
from  these,  two  points  of  minimum  thickness.  This  renders  the  tube 
slightly  elliptical  (but  not  over  0.02  in.  in  5.50  in.)  and  of  varying  thick- 
ness. While  the  variation  in  thickness  was  as  high  as  15  per  cent  in 
some  cases,  it  apparently  did  not  affect  the  averages  of  the  readings, 
although  the  individual  circumferential  curves  show  the  effect  of  this 
variation  and  the  effect  of  the  water  pressure  in  making  the  tube  more 
nearly  cylindrical. 
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17.  Determination  of  the  Thickness  of  Tube  Walls. — The  principle 
of  the  apparatus  adopted  for  measuring  the  thickness  of  the  tube  walls  is 
that  a  micrometer  caliper  with  a  very  deep  throat.  Fig.  10  shows  the 
apparatus  with  the  tube  in  position  for  a  zero  reading.  A  4.y2  by  2i/o  by 
~  lti-in.  T-bar  Mas  clamped  at  one  end  to  a  support  and  a  stiff  wooden 
bat1  was  bolted  to  it.     At  one  end  of  the  wooden  bar  an  Ames  Dial  read- 


*l 
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Fig.  10.     View  of  Apparatus  Used  ix  Measuring  Thickness  of  Tube  Walls. 


ing  to  thousandths  of  an  inch  was  fastened  so  that  the  plunger  rested  on 
a  steel  ball  (a  Fig.  10)  embedded  in  the  stem  of  the  T-bar.  To  determine 
the  thickness  of  the  tube  wall  the  plunger  of  the  dial  was  raised,  the  tube 
was  slipped  over  the  T-bar  and  rested  on  the  steel  ball.  Two  other  steel 
balls  (  b  and  c  Fig.  10)  were  embedded  in  the  stem  of  the  T-bar,  one 
on  each  side  of  the  ball  under  the  plunger  at  such  a  distance  from  it  that 
the  tube  always  swung  free  on  the  center  ball  and  one  of  the  others.  The 
ball  under  the  plunger  was  slightly  higher  than  either  of  the  others  to 
insure  a  bearing  on  it  at  all  times.  When  the  plunger  of  the  dial  was  in 
contact  with  the  tube,  the  thickness  of  the  tube  was  the  difference  between 
the  reading  then  taken  and  the  zero  reading.  Zero  readings  were  ob- 
tained by  suspending  the  tube  in  two  fine  wire  slings  in  such  a  manner 
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that  its  weight  came  on  the  T-bar  in  the  same  way  as  when  the  tube 
swung  on  the  steel  balls.  With  the  plunger  of  the  dial  in  contact  with 
the  steel  ball,  the  initial  or  zero  reading  was  taken  for  every  position  of 
the  tube  along  an  axial  line.  As  the  T-bar  was  a  cantilever  with  two 
point  loading,  this  gave  slightly  different  zero  readings  for  the  various 
positions  of  the  tube,  but  any  error  arising  on  account  of  the  deflection 
of  the  apparatus  was  removed.  "With  the  tube  in  a  given  position  and 
with  the  plunger  on  the  ball,  a  leading  was  taken  after  a  traverse  of  two 
axial  lines.  These  readings  were  taken  to  detect  any  possible  change  in 
the  apparatus  and  are  not  zero  readings.  They  correspond  to  the 
standard  bar  readings  when  using  a  strain  gage.  A  set  of  check  readings 
was  taken  and  the  average  of  the  two  readings  was  used.  Eeadings  were 
taken  to  tenths  of  a  division  (ten-thousandths  of  an  inch)  and  tube  thick- 
nesses are  given  in  thousandths  of  an  inch. 

It  is  thought  that  this  method  of  measurement  is  accurate  and  the 
check  results  obtained  with  a  micrometer  after  the  tube  had  been  cut, 
have  borne  out  this  conclusion.  The  tube  must  be  of  relatively  large 
diameter  to  apply  this  method,  but  with  6-in.  tubes  no  difficulty  was 
experienced. 

18.  Method  of  Testing. — Two  steel  castings  were  designed  to  fit 
over  the  ends  of  a  tube.  The  stresses  carried  by  these  heads  were  com- 
paratively low,  for  the  maximum  load  was  hut  167,000  lb.,  and  the 
material  was  about  %  in.  thick  at  the  thinnest  part.  The  castings  were 
machined  all  over  and  threaded  internally,  at  one  end  to  receive  the  tube 
and  at  the  other  to  receive  a  4-in.  bar  which  served  to  apply  the  tension. 
The  two  threaded  portions  were  separated  by  about  an  inch  of  metal 
which  served  to  retain  the  water  under  pressure  in  the  tube.  These 
castings  are  shown  in  Fig.  11. 

To  withstand  the  water  pressure,  two  layers  of  %-in.  hydraulic 
packing  were  used  in  an  ordinary  four-screw  stuffing  box.  The  heads 
were  recessed  to  receive  the  packing  and  the  gland,  while  the  tube  wralls 
were  left  nearly  full  thickness  for  about  an  inch  beyond  the  threads  to 
furnish  a  firm  bearing  for  the  packing.  After  the  packing  was  ad- 
justed to  position  there  were  no  perceptible  leaks  although  pressures 
up  to  1,800  lb.  per  sq.  in.  were  used.  Fig.  11  shows  the  general  arrange- 
ment of  the  apparatus  for  the  tension  tests. 

All  tlic  tests  except  the  torsion  tests  were  made  in  the  600,000-lb. 
Riehle  machine  of  the  Laboratory  of  Applied  Mechanics  of  the  Uni- 
versity of  Illinois.  By  using  spherical  seats  with  careful  centering  of 
the  specimens  in  the  machine,  the  eccentricity  of  loading  was  reduced 
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Fig.  11.    View  Showing  Arrangement  of 


Apparatus  for  Tension  Test. 
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to  a  minimum  and  the  bending  stresses  were  low  as  shown  by  the  uni- 
formity of  the  individual  stress-strain  diagrams.  In  the  tension  tests 
the  nuts  of  the  4-in.  bars  bore  directly  against  the  spherical  seats,  the 
lower  one  being  inverted.  For  the  compression  tests  the  bars  were  re- 
moved and  the  tube  heads  bore  directly  against  the  spherical  seats  and  the 
upper  spherical  seat  was  inverted.  The  length  of  thread  on  the  specimens 
tended  to  give  a  good  distribution  of  load  and  the  distance  of  the  first  gage 
hole  from  the  end  of  the  thin  part  of  the  wall  (6y2  in.)  together  with  the 
thinness  of  the  wall  itself,  were  sufficient  to  insure  a  high  degree  of  uni- 
formity of  stress.  Holes  were  drilled  into  each  head  to  connect  into  the 
interior  of  the  tube ;  the  hole  in  the  lower  head  was  for  connection  to  the 
pump  and  the  hole  in  the  upper  head  was  for  the  purpose  of  filling  the  tube 
with  water.     Each  hole  was  tapped  with  a  y2-in.  pipe  tap. 

The  torsion  tests  were  made  in  a  230,000-lb.  in.  Olsen  Torsion 
Machine.  The  heads  were  screwed  on  the  specimens  as  in  the  other  tests, 
and  short  steel  bars  threaded  on  one  end  transmitted  the  torque  from  the 
machine  to  the  steel  heads.  Two  fixed  wooden  clamps  with  40-in.  arms, 
one  of  which  carried  a  pointer  and  the  other  a  scale,  were  used  to  meas- 
ure the  angle  of  torsion  over  a  known  gage  length. 

19.  Character  and  Sequence  of  the  Tests. — Three  tests  in  each  of 
Series  1  and  2  were  first  made.  These  were  the  tests  in  direct  tension, 
the  tests  with  the  ratio  of  tensile  stresses  equal  to  0.475  and  with  this 
ratio  equal  to  0.92.  The  results  of  these  tests  were  worked  up  before  the 
remainder  of  the  tests  in  the  series  were  made,  so  that  the  other  ratios 
could  be  chosen  to  the  best  advantage.  As  the  difference  in  the  strength 
of  the  steel  in  the  direction  of  drawing  and  across  it  would  complicate 
the  problem,  and  as  it  was  not  intended  to  raise  the  question  of  the 
variation  in  strength  in  different  directions  throughout  the  specimen, 
the  highest  ratio  of  circumferential  stress  to  axial  stress  used  was  made 
less  than  1.0,  being  0.92. 

The  average  area  of  the  inner  cross  section  of  the  tubes  was  about 
24.50  so.  in.,  and  the  axial  load  due  to  the  water  pressure  was  2,450  11). 
per  100  lb.  per  sq.  in.  water  pressure.  To  produce  a  ratio  of  circum- 
ferential tension  to  axial  tension  equal  to  0.50  required  a  machine  load  of 
4  X  2,450  —  1  X  2,450  =  7,350  lb.  per  100  lb.  per  sq.  in.  water  pressure, 
since  the  water  pressure  acts  with  the  machine  load.  For  axial  com- 
pression combined  with  circumferential  tension,  the  two  quantities 
would  be  added  instead  of  subtracted,  since  the  water  pressure  tends  to 
reduce  the  machine  load.     Dividing  the  net  axial  load    (9,800  lb.  per 
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100  lb.  per  sq.  in.  water  pressure)  by  the  cross-sectional  area  of  the 
tube  gives  the  unit  axial  stress.  A  slight  error  is  introduced  by  using 
the  inside  diameter  of  the  tube  rather  than  the  mean  diameter,  for  in 
order  that  the  circumferential  tension  shall  be  exactly  twice  the  axial 
tension  when  the  water  pressure  alone  is  acting,  the  mean  diameter  must 
be  used  to  compute  the  axial  tension.  This  error  is  about  iy2  per  cent, 
which  represents  the  variation  of  the  circumferential  tensions  from  the 
mean.  The  stress  ratios  for  Series  3  and  4  were  planned  complete  and 
carried  out  as  planned.  The  stress  ratios  used  in  the  four  series  are 
given  in  Table  1. 

The  strain  gage  used  was  a  4-in.  Berry  strain  gage  made  for  the 
Joint  Committee  on  Stresses  in  Eailroad  Track  and  loaned  by  that  Com- 
mittee. It  has  invar  steel  sides  and  shows  a  negligible  correction  for 
temperature.  Two  standard  bars  were  used  to  detect  any  variation  of 
the  instrument  due  to  jarring  or  striking  the  fixed  point.  All  data  have 
been  corrected  for  variation  in  the  standard  bar  readings.  To  avoid 
variation  due  to  change  of  temperature  of  the  tubes,  they  were  usually 


Table  1. 
Outline  of  Test  Specimens  and  Tests. 


Series 

No. 

Tube 
Xo. 

Ratio   of    Circumfer- 
ential to  Axial  Stress 

Stress  Combination 

5 

0.00 

Axial  tension  only 

1 

0.24 

Tension  with  tension 

1 

2 

0.475 

"             "           " 

4 

0.69 

"             "           " 

3 

0.92 

" 

9 

0.00 

Axial  tension  only 

7 

0.475 

Tension  with  tension 

2 

8 

0.92 

"             "           " 

6 

0.92 

4 

0.00 

Axial  compression  only 

2 

0.20 

Compression  with  tension 

5 

0.30 

"                 "          " 

3 

3 

0.60 

"                 "          " 

1 

0.90 

"                 "          " 

6 

1.00 

Torsion  only 

9 

0.00 

Axial  tension  only 

10 

0.30 

Tension  with  tension 

4 

8 

0.50 

"             "           " 

11 

0.80 

"             "           " 

7 

1.00 

Torsion  only 
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rilled  with  water  in  the  evening  and  by  the  time  the  test  hegan  the  next 
day  the  tube  and  water  were  at  a  temperature  that  scarcely  changed 
during  the  entire  test. 

20.  Test  Operations. — The  initial  load  in  all  cases  was  small,  pro- 
ducing an  average  axial  unit-stress  of  approximately  4,000  lb.  per  sq. 
in.  This  load  was  applied  after  the  specimen  had  been  carefully  centered 
and  Hit-  Bpherica]  scats  tried.  A  load  sheet  was  prepared  for  each  test 
which  gave  the  required  machine  loads,  the  approximate  yield  point, 
the  water  pressure,  and  unit-stress.  When  the  load  was  increased  the 
water  pressure  was  increased  first  and  then  the  machine  load. 

The  record  of  a  test  was  a  combination  of  the  ordinary  record  and 
a  graphical  <>ne.  Co-ordinate  paper  was  used  and  was  divided  into  a 
series  of  rectangles,  one  for  each  standard  bar  and  gage  line.  Along  one 
side  of  this  rectangle  the  instrument  reading  was  noted  and  this  reading 
was  then  plotted  against  the  machine  load.  In  this  way  the  progress 
of  the  test  was  very  evident  and  any  doubtful  reading  was  checked. 
When  the  nature  of  the  curve  is  well  known,  it  is  advisable  to  see  that 
the  results  for  any  gage  line  that  do  not  show  some  systematic  sequence 
of  plotted  points  are  checked  to  insure  their  accuracy.  If  this  is  not 
done  false  breaks  may  sometimes  be  obtained  in  the  curve.  If  the  error 
is  experimental,  the  cheek  reading  will  correct  it,  and  if  the  stress  sud- 
denly departs  from  the  straight  line  law,  the  check  reading  will  be  a 
repetition  of  the  first  reading  and  will  give  greater  confidence  in  the 
result.  Though  but  few  errors  were  discovered  and  corrected,  the  result 
justifies  the  method  employed.  Whenever  there  are  variations  from 
the  straight  line  in  the  stress-strain  diagram,  these  are  indications  of  a 
change  in  the  rate  of  taking  stress.  As  the  load  changes,  the  distribu- 
tion of  stress  over  a  given  cross  section  often  changes,  so  that  at  one 
point  there  may  be  a  rapid  increase  in  the  elongations  for  one  increment 
of  load,  while  in  an  adjoining  gage  line  the  change  is  slight.  The  next 
load  increment  may  bring  about  a  complete  reversal  of  the  conditions 
shown  by  the  previous  instrument  readings. 

Whatever  variation  occurs  in  one  gage  line,  usually  it  is  reflected  in 
one  or  more  of  the  others,  so  that  the  average  takes  out  all  these  peculiar- 
ities.   This  is  especially  true  of  the  circumferential  readings. 

It  will  be  seen  that  the  circumferential  gage  line  readings  give  the 
correct  unit-strain,  the  chord  length  being  used  and  not  the  arc  length. 
Circumferential  readings  are  subject  to  the  tendency  of  the  tube  to 
become  truly  cylindrical  under  water  pressure.     For  low  water  pressures 


TABLE  2. 
Data  of  Tubes. 


Tube  No. 

Inside 

Diameter 

Inches 

Location 

Tube  Walls. 

Average 

Thickness, 

Inches 

Sectional 

Area, 

Sq.  In. 

Series  1. 

1 

5.564 

AB 
BC 
CD 

0.089 
0.08S 
0.086 

1.590 
1.570 
1.527 

2 

5.558 

AB 
BC 
CD 

0.087 
0.087 
0.088 

1.543 
1.543 
1.570 

3 

5.561 

AB 
BC 
CD 

0.087 
0.087 
0.087 

1.543 
1.543 
1.543 

4 

5.563 

AB 
BC 
CD 

0.085 
0.084 
0.083 

1.508 
1.481 
1.472 

5 

5.554 

AB 
BC 
CD 

Series  2. 

0.091 
0.092 
0.092 

1.623 
1.641 
1.641 

6 

5.579 

AB 
BC 
CD 

0.083 
0.083 
0.080 

1.467 
1.467 
1.422 

7 

5.588 

AB 
BC 
CD 

0.091 
0.091 
0.091 

1.623 
1.623 
1.623 

8 

5.560 

AB 
BC 
CD 

Series  3. 

0.094 
0.094 
0.094 

1.678 
1.678 
1.678 

1 

5.573 

AB 
BC 
CD 

0.106 
0.106 
0.112 

1.891 
1.891 
2.001 

o 

5.561 

AB 
BC 
CD 

0.114 
0.111 
0.111 

2.040 
1.981 
1.981 

3 

5.566 

AB 
BC 
CD 

0.108 
0.107 
0.106 

1.934 
1.912 
1.889 

4 

5.581 

AB 
BC 
CD 

0.116 
0.114 
0.112 

2.076 
2.041 
2.004 

5 

5.622 

AB 
BC 
CD 

0.094 
0.094 
0.096 

1.688 
1.688 
1.724 

6 

5.634 

AB 
BC 
CD 

0.0S4 
0.084 
0.083 

1.509 
1.509 
1.490 
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this  was  sufficient  in  some  cases  to  change  the  stress  from  a  tension  to  a 
compression  or  vice  versa. 

21.  Diagrams  and  Tables. — Stress-strain  diagrams  representing 
the  general  average  results  of  the  axial  and  circumferential  gage  lines 
are  given  in  Fig.  17,  18,  and  19,  while  sample  diagram  showing  the 
average  results  at  different  sections  of  the  tube  for  both,  the  tension- 
tension  and  the  compression-tension  experiments  are  given  in  Fig.  13 
to  16.  Diagrams  of  the  experimental  results  of  Series  1  and  2  are  to  be 
found  in  Fig.  22,  and  those  of  Series  3  in  Fig.  23.  A  comparison  of  the 
theories  of  the  strength  of  materials  under  combined  stress  is  made  in 
Fig.  24,  while  Fig.  26  and  27  illustrate  some  of  the  work  of  other  investi- 
gators. An  outline  of  the  test  specimens  and  tests  and  the  principal  data 
of  the  tubes  are  given  in  Tables  1  and  2.  Table  3  is  given  as  a  sample 
of  the  data  for  a  single  tube,  tube  No.  4  of  Series  1.  These  data  have 
been  reduced  and  corrected  for  standard  bar  readings.  All  the  original 
and  reduced  data  as  well  as  the  stress-strain  diagrams  are  on  file  at  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois. 

IV.      Discussion  of  Results. 

22.  The  Criterion  of  Strength. — There  are  three  possible  stress 
limits  any  one  of  which  may  be  the  criterion  of  the  strength  of  material 
— limit  of  proportionality,  yield  point,  and  rupture  or  ultimate  strength. 
It  is  recognized  that  there  may  be  a  sharp  distinction  between  the  laws 
governing  ductile  materials  and  the  laws  governing  brittle  materials,  for 
such  a  distinction  is  observed  in  the  stress-strain  diagrams  and  in  com- 
pression and  torsion  failures.  Since  this  discussion  is  limited  to  ductile 
materials,  conditions  will  be  treated  only  as  they  apply  to  such  materials. 

It  would  appear  at  first  thought  that  the  limit  of  proportionality 
would  be  the  proper  basis  upon  which  to  determine  the  relative  strength 
of  material.  The  mathematical  theory  of  elasticity  is  based  upon 
Hooke's  law  generalized,  engineering  practice  bases  its  computations 
largely  upon  this  same  law,  and  several  investigators  have  used  the 
limit  of  proportionality  (which  they  called  the  elastic  limit)  as  their 
criterion,  notably  Hancock*  and  Turner.f 

The  limit  of  proportionality,  or  p-limit,  is  defined  as  the  stress  at 
which  the  constancy  of  the  ratio  of  stress  to  strain  ceases;  that  is,  the 
modulus  of  elasticity  is  a  constant  up  to  this  stress.    It  is  often  stated 

•American  Society  for  Testing  Materials,  1905,  '06,'  '07,  '08. 
tEngineering,  London,  February  5,  1909. 
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Table  3. 
Test  Data  of  Axial  Gage  Lines  Tube  No.  4,  Series  1. 

Ratio  of  Circumferential  Tension  to  Axial  Tension  0.69. 
Inside  Diameter  of  Tube  5.563. 


AB  Gage  Lines 
Average  Th/ckness   of  Tube  .C8o~/n.    Area  of  Sect/on     l.50Ssq./n 


Wafer   Pressure 

Axial '  Lood 

rtachmt 

TaTal 

Ay.  Anal 

Reading  on  Gagel/'ne 

Differences 

Av. 

Av 

v\   '  -esswr 

pounds 

Ib-persq/n. 

AB/ 

AB2 

/IB  3 

/IB4 

/IB/ 

482 

AB3 

AB4 

Di/f. 

Elongofio, 

Gagefiba 

Corrected 

I  oo 

1  OO 

.  -  -r 

SIOO 

75CO 

49SO 

BO.) 

/OS 

280 

62  5 

o 

o 

o 

0 

o 

0 

300 

300 

7230 

Z-4/OO 

2/400 

/4200 

770 

S3 

2.  9 

5  a  l 

3.1 

30 

61 

44 

47 

OOO  24 

so  o 

soo 

1  Z/SO 

Z30SO 

3S2O0 

23300 

72  5 

0  0 

/  7.  / 

52  7 

76 

/OS 

/09 

88 

3B 

O0O49 

TOO 

700 

17  OOO 

32IOO 

43/00 

32S00 

66  1 

94  O 

11.3 

478 

/4.0 

769 

/6  1 

14  7 

154 

00077 

300 

OOO 

SI  QOO 

41  /OO 

63000 

4/700 

6/  O 

863 

5  0 

41  9 

19 1 

24.0 

23.0 

20  6 

2/  7 

O0JO3 

eso 

350 

2  3100 

434O0 

eesoo 

4400O 

60  3 

84  1 

3  5 

40a 

138 

26 a 

24S 

2/6 

23  Z 

OOII6 

i  ooo 

/OOO 

24300 

4S€00 

6  3900 

4  6200 

590 

82  0 

/  a 

33  7 

21  1 

283 

26  2 

22& 

24  e 

00/24 

1  oso 

I OSO 

25500 

4  7900 

734O0 

4BSOO 

573 

73. 0 

99  O 

373 

22  1 

31  3 

290 

24  6 

26  9 

00/35 

1 1  oo 

/OSO 

2  6  SOO 

SO/OO 

76600 

50900 

5SZ 

76.4 

977 

36' 

2*3 

34S 

30  3 

264 

23  O 

.  OOZ4S 

1 1  so 

/ 140 

2  7  TOO 

52400 

SO/OO 

53IOO 

S3  1 

73  3 

953 

34  O 

27  O 

376 

32  7 

28  5 

3/5 

oo/se 

izoo 

1  ISO 

29200 

S4500 

83SOO 

5S300 

503 

630 

93.0 

32  1 

29  2 

4/9 

350 

30  4 

34/ 

00/7/ 

1250 

/  Z40 

30IOO 

S6BOO 

86SOO 

57600 

470 

653 

eg  o 

2BZ 

33  1 

4S6 

4  0  0 

34  3 

38  3 

O0/32 

1JOO 

tz&o 

31300 

S3ZOO 

90400 

eoooo 

30.9 

573 

74.  7 

/  6>  / 

432 

53  0' 

53  3 

464 

50S 

00253 

BC  Gage  Lines 
Average  T/y/cAness  of  Tc/Ae    Od'fin    Area  of  Sect/ on     7  48/  sg  /n. 


Wore/   Pressure 

Axial/oad 

\i.  /  nt 

Tcfa/ 

Ay  Anal 

/9ead/ng  on  Gage //ne 

D/fferences 

Av 

A> 

W  Pressure 

pounds 

Axial  /oad 
pounds 

Unit  5«*s 

act 

BC2 

SC3 

BC4 

BCI 

BC2 

BC3 

BC<t 

Piff- 

£lonffor/on 

Goor  fftjy 

Corrected 

IOC 

/oo 

5  i  OC 

7SOO 

loeo 

92 1 

735 

3S  0 

£3.5 

c 

c 

O 

0 

C 

O 

300 

3  00 

7290 

/4/00 

2/400 

/4400 

Bl O 

748 

29  9 

584 

S.I 

4  7 

.5.1 

S.I 

50 

0OO25 

SOO 

SOO 

1  2  /SO 

23  OSO 

35200 

2  3  BOO 

31.9 

63  0 

24.7 

S3  6 

/oz 

/OS 

/  O  3 

9  9 

/O  2 

OOOS/ 

700 

700 

/  7000 

3ZIOO 

48/00 

33IOO 

76  0 

639 

19.1 

4BO 

16.1 

/S6 

IS  9 

15  S 

15  8 

OOO  79 

900 

soo 

Z  1  900 

4/  /OO 

6SOOO 

4  2  SOO 

68.9 

572 

.   3  O 

429 

23  2 

223 

220 

206 

220 

OOIIO 

350 

9SO 

23/ OO 

43400 

6  6SOO 

44800 

67  Z 

55  O 

I/O 

4/2 

243 

24.  S 

24  0 

22.3 

239 

0  0/20 

/OOO 

/OOO 

24300 

45600 

63900 

4  7200 

6S0 

535 

/03 

40  O 

27/ 

260 

24  7 

23  S 

254 

00/27 

I  050 

/OSO 

25500 

4730O 

7340C 

43400 

(,2-S 

S/5 

84 

38  5 

2  96 

2B.O 

2G6 

2SO 

273 

OOI3  7 

1 IOO 

/  030 

26SOO 

50/00 

76600 

5/  900 

599 

492 

69 

36  6 

32.2 

303 

ze  / 

269 

294 

.  00/4  7 

//so 

1/40 

27700 

52400 

SO/OO 

54/00 

J<3 

4  74 

4  8 

34  3 

358 

32  1 

30.2 

29Z 

31  8 

OOIS9 

/200 

1I90 

23200 

54500 

B350O 

56  4O0 

52  3 

443 
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that  the  distinction  between  yield  point  and  p-limit  is  very  slight  and 
that  it  really  makes  no  material  difference  which  is  used.  But  a  glance 
at  the  stress-strain  diagrams  in  Fig.  13  to  16,  will  show  that  in  some 
cases  the  modulus  of  elasticity  changes  and  that  the  diagram  consists 
of  a  broken  line  instead  of  a  straight  line  nearly  up  to  the  yield  point. 
This  fact,  due  to  the  lack  of  isotropy  in  the  material  and  to  the  mechan- 
ical work  done  upon  it,  makes  it  difficult  to  get  consistent  results  by  using 
the  p-limit  as  a  criterion.  When  the  material  has  been  cold  worked, 
the  stress-strain  diagram  often  curves  away  from  a  straight  line  slowly 
and  the  exact  point  of  departure  is  not  easily  located.  Special  treatment 
of  the  material  usually  affects  the  yield  point  in  the  same  way  in  differ- 
ent specimens,  but  not  the  p-limit. 

The  use  of  rupture  or  ultimate  strength  as  a  criterion  of  the  strength 
of  ductile  materials  still  persists  in  the  case  of  simple  stresses,  and 
specifications  ordinarily  require  that  the  ultimate  strength  of  the  ma- 
terial shall  have  a  certain  value.  But  this  is  an  indirect  measure  of 
the  toughness  rather  than  of  the  strength,  and  in  the  best  specifications 
the  yield  point  (or  elastic  limit  as  it  is  frequently  but  incorrectly  called) 
is  specified  as  well.  Conditions  at  rupture  give  no  indication  of  those 
existing  at  the  yield  point  and  whatever  value  a  knowledge  of  the  condi- 
tions attending  rupture  in  a  ductile  material  may  have,  no  conclusions 
can  be  drawn  from  them  which  may  safely  be  applied  to  the  period  pre- 
ceding the  yield  point.  As  engineering  design  deals  principally  with 
stresses  within  the  yield-point  stress,  rupture  cannot  be  considered  as 
the  criterion,  even  though  Bridgman*  in  his  tests  on  thick  cylinders 
uses  it  and  decries  the  use  of  the  yield  point.  When  the  distribution 
of  stress  is  unknown  and  no  extensometers  are  used  to  measure  strains, 
rupture  is  the  only  criterion  available. 

For  ductile  material  that  has  not  been  worked  cold,  the  stress-strain 
diagram  shows  a  very  decided  change  in  character  when  the  material 
passes  the  yield  point.  When  the  material  has  been  cold-rolled  or  cold- 
drawn,  the  yielding  is  more  gradual  and  the  curve,  instead  of  breaking 
sharply,  departs  more  gradually  from  a  straight  line.  If  the  specimen 
of  the  cold-rolled  or  cold-drawn  material  is  tested  in  simple  tension  with 
an  extensometer,  and  the  load  is  slowly  but  steadily  applied,  the  roll  of 
the  curve  is  apparent  a  short  time  before  the  yield  point  is  registered 
by  the  drop  of  the  beam. 

As  all  the  investigations  hereinafter  described  were  made  with  in- 
struments to  measure  the  strains,  some  criterion  must  be  adopted  that 
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is  applicable  to  a  stress-strain  diagram.  The  first  deviation  from  a 
straight  line  (p-limit)  is  an  indefinite  point  to  locate,  and,  after  con- 
sidering everything  that  has  been  noted  above,  the  method  proposed  by 
the  late  J.  B.  Johnson  was  adopted.  This  is  called  by  him  the  "apparent 
elastic  limit,"  although  it  is  here  taken  as  the  yield  point.  This  method 
empirically  locates  a  point  at  which  there  is  evidently  some  plastic 
action  and  furnishes  a  very  convenient  method  for  comparison  of  results. 
It  is  defined  as  the  unit-stress  at  which  "the  rate  of  deformation  is  50 
per  cent  greater  than  it  is  at  zero  stress."  Fig.  12  shows  the  application 
to  a  stress-strain  diagram.  Let  0  B  E  be  a  stress-strain  diagram  drawn 
in  the  usual  manner.     Then  A  0  B  is  the  angle  determining  the  slope 


Unit  Strain 
Fig.  12.     Stress-Strain  Diagram  Showing  Johnson's  Apparent  Elastic  Limit. 


at  zero  stress.  At  any  point  K  lay  off  horizontally  a  distance  K  F  equal 
to  1.50  times  K  B.  Then  0  F  is  the  slope  50  per  cent  greater  than  the 
slope  at  zero  stress.  A  parallel  to  0  F  drawn  tangent  to  the  curve  B  E, 
locates  the  point  of  tangency  L  and  the  corresponding  stress  is  the  yield- 
point  stress. 

23.  Strength. — In  the  tabulation  of  the  results  of  the  tests  of  tubes 
under  biaxial  stress,  the  average  of  the  strains  measured  on  the  four 
gage  lines  intersected  by  any  cross  section  was  taken  as  the  strain  at 
that  section  of  the  tube.  Thus,  the  strains  for  the  axial  gage  lines, 
AB1,  AB2,  AB3,  and  A  B4  of  a  tube  (for  notation  see  page  23  and 
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Fig.  13.     Stress-Strain  Diagrams  for  Tube  No.  3,  Series  1.    Ratio  of  Circum- 
ferential to  Axial  Tension,  0.94. 
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Fig.  14.     Stress-Strain  Diagrams  for  Tube  No.  4,  Series  1.    Ratio  of  Cir- 
cumferential to  Axial  Tension,  0.69. 
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Fig.  9)  were  averaged,  and  this  average  is  taken  as  the  strain  of  the  A  B 
gage  lines  of  that  tube.  Likewise  for  the  B  C  and  C  D  gage  lines.  For 
the  circumferential  gage  lines,  1-2-A,  2-3-A,  3-4-A,  and  4-1-A  were 
averaged;  that  is,  the  four  gage  lines  made  a  complete  traverse  of  the 
circumference.     There  are  then  three  sets  of  average  results  for  the 
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Stress-Strain  Diagrams  for  Tube  No.  2,  Series  3.    Ratio  of  Circum- 
ferential Tension  to  Axial  Compression,  0.20. 


axial  gage  lines  and  four  for  the  circumferential  gage  lines  of  each  tube. 
The  curves  formed  from  these  average  results  (see  Fig.  13  to  16  for 
samples)  were  then  used  to  obtain  the  general  average  results  for  each 
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Fig.  16.     Stress-Strain  Diagrams  for  Tube  No.  5,  Series  3. 
ferential  to  Axial  Tension,  0.30. 


Ratio  of  Circum- 


of  the  tubes.  That  is,  the  general  average  results  for  the  circumferential 
strains  represent  the  average  obtained  from  all  the  circumferential  gage 
lines  in  any  one  tube,  and  the  general  average  results  for  the  axial  strains 
the  average  obtained  from  all  the  axial  gage  lines.  The  only  exception  is 
in  the  case  of  tube  No.  1,  Series  1,  where  the  averages  of  the  A  B  gage 
lines  are  omitted  in  the  general  average.  Each  general  average  curve 
represents  the  average  results  of  twelve  axial  gage  lines  or  sixteen  circum- 
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ferential  gage  lines.     These  general  average  stress-strain  diagrams  are 
given  in  Fig.  17  to  19. 

The  yield-point  stresses  are  quite  uniform  for  the  different  sets  of 
gage  lines  and  in  close  agreement  with  those  of  the  general  average 
curves.  Because  of  this  uniformity,  the  use  of  the  general  average 
curves  as  a  basis  of  comparison  seems  justified.  The  circumferential 
strains  are  plotted  with  the  apparent  circumferential  tensile  stresses  as 
ordinates,  except  in  the  case  of  the  tubes  where  no  internal  pressure  was 
applied.     In  these  cases  the  ordinates  are  the  axial  stresses,  so  that  it 
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Fig.  17.     Stress-Strain  Diagrams  Showing  General  Averages  for  Series  1. 
Tension  With  Tension. 
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is  easy  to  determine  Poisson's  ratio,  which  is  given  in  Fig.  19  by  the 
ratio  of  abscissas,  corresponding  to  the  same  stress,  on  the  two  curves 
of  tube  4,  such  as  r  to  r' . 

If  diagrams  are  drawn  having  the  yield-point  unit-stresses  as 
ordinates  and  the  ratio  of  the  circumferential  tension  to  axial  tension 
or  axial  compression  as  abscissas,  a  comparison  can  be  made  with  the 
results  reached  by  the  different  theories.  For  the  combination  of  ten- 
sion with  tension,  the  maximum  stress  theory  and  the  maximum  shear 
theory  demand  that  the  yield-point  stress  shall  be  constant  for  all  ratios. 
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Mohr's  theory  and  the  internal  friction  theory  have  the  same  require- 
ments; Wehage's  theory  demands  a  reduction  in  the  yield-point  stress 
and  the  maximum  strain  theory  demands  an  increase  in  proportion  to 
the  increase  of  stress  ratio. 

For  the  combination  of  compression  with  tension  the  maximum 
stress  theory  demands  that  the  yield-point  stress  shall  be  constant  for  all 
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Fig.  18.     Stress-Strain  Diagrams  Showing  General  Averages  for  Series  2. 
Tension  With  Tension. 


30000 


Cs- 

Z  20000 


S  10000 


Unit  Strain-  One  Division  "O-Ooo? 

Note,-  Figures  following  tube  numbers  on  curves 

indicate  ratio  of  circumferential  to  axial  stress.  

L  denotes  yield  point 

Fig.  19.    Stress-Strain  Diagrams  Showing  General  Averages  for  Series  3 
Compression  With  Tension. 
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stresses,  while  the  maximum  strain  theory,  the  internal  friction  theory, 
the  maximum  shear  theory,  and  Mohr's  theory  demand  a  decrease  in 
the  yield-point  stress  as  the  stress  ratio  increases. 

What  is  the  law  that  governs  ?  Eef erring  to  the  stress-strain  curves 
of  the  general  averages  of  the  axial  gage  lines,  Fig.  17,  18,  and  19,  it 
will  be  seen  that  for  Series  1  and  2  as  the  stress  ratio  increases  the  yield- 
point  stress  rises  unmistakably  until  the  value  of  the  stress  ratio  of 
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O.50  is  reached.  Beyond  this  the  yield-point  stress  remains  constant, 
no  matter  what  the  stress  ratio.  For  Series  3  the  yield-point  stress 
steadily  diminishes  as  the  stress  ratio  increases. 

Since  for  the  case  of  compression  combined  with  tension  all  the 
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IFig.  20.    Tension  Tests  of  Small  Specimens  From  Tubes  of  Series  1,  2  and  3. 
Results  of  Ten  Tests  for  Each  Series. 
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Fig.  21.    Torsion  Test  of  Tube  No.  6,  Series  3. 


theories  except  one  demand  a  decrease  of  the  yield-point  stress  as  the 
stress  ratio  increases,  while  for  tension  combined  with  tension  the 
maximum  strain  theory  is  the  only  one  which  calls  for  the  increase  that 
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has  been  observed.  Series  1  and  2  will  be  discussed  first  and  the 
results  of  Series  3  compared  with  the  conclusions  drawn  from  the 
results  of  Series  1  and  2. 


70000 


20000 


0     Ql      0.2     0.3     04      0.5     0.6     0.7     0.8     09     t.O 
Ratio  of  Circumferential  Tens/on  to /I rial  Tens  ion 

Fig.  22.    Diagram  Giving  Yield  Point  Stresses  and  Stress  Ratios  for  Series 

1  and  2. 


In  Fig.  22  the  yield-point  stresses  of  Series  1  and  2  are  plotted 
against  the  ratio  of  circumferential  tension  to  axial  tension.  The  line 
of  the  maximum  strain  theory  is  then  drawn  through  the  yield-point 
stress  determined  in  simple  tension  (stress  ratio  zero),  the  inclination 
being  determined  by  Poisson's  ratio  (0.334).  For  Series  1  the  yield- 
point  stress  was  taken  from  the  test  of  tube  No.  5  and  for  Series  2  the 
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average  of  the  tension  tests  of  twenty  small  specimens  cut  from  tubes  of 
Series  2  was  taken.* 

The  determination  of  Poisson's  ratio  is  discussed  on  page  46.  A  line 
of  constant  yield-point  stress  is  drawn  which  best  fits  the  experimental 
points  for  stress  ratios  of  0.50  or  above.  It  is  seen  that  the  line  of  the 
maximum  strain  theory  fits  the  experimental  points  up  to  its  inter- 
section with  the  line  of  constant  yield-point  stress,  and  that  thereafter 
the  line  of  constant  yield-point  stress  well  fits  the  points.  This  line  of 
constant  yield-point  stress  may  also  be  a  line  of  constant  shearing  stress. 
If,  as  Fig.  22  seems  to  indicate,  tension  ceases  to  be  a  governing  factor 
and  the  shearing  stress  becomes  dominant,  two  things  must  be  true  for 
the  line  of  constant  yield-point  stress  : 

(a)  The  shearing  unit-stress  must   actually  reach   the   shearing 
yield-point  stress  as  determined  by  tests  in  pure  shear,  and 

(b)  Since  the  shear  is  one-half  the  maximum  principal  stress,  this 
maximum  principal  stress  must  remain  a  constant. 

The  first  condition  is  important  only  in  so  far  as  showing  that  the 
shearing  yield-point  stress  must  be  greater  than  one-half  the  tensile  yield- 
point  stress;  otherwise  the  shear  would  be  dominant  at  all  times.  The 
latter  is  the  contention  of  the  maximum  shear  theory.  Counting  com- 
pression a  negative  tension  and  with  the  principal  unit-stresses  num- 
bered in  the  order  of  their  magnitude,  plf  p2,  pB,  the  criterion  for  shear- 
ing stress  is: 

Shearing  unit-stress  =  y2  (px  ~p3), 
but  as  the  third  principal  stress  is  zero,  this  reduces  to  y2  plm  The  water 
pressure  inside  the  tube  does  not  constitute  a  third  principal  stress 
(compressive),  for  all  the  readings  of  the  strains  were  taken  on  the  out- 
side of  the  specimen  where  the  third  principal  stress  was  undoubtedly 
zero,  if  the  atmospheric  pressure  is  neglected. 

The  maximum  shear  theory  carried  to  its  logical  conclusion  re- 
quires that  the  yield-point  stress  of  the  material  subjected  to  two 
stresses  of  like  sign  at  right  angles  shall  not  vary  from  that  reached  in 
simple  tension,  for  the  shear  is  the  determining  factor  at  all  times. 
If  the  theory  holds  in  this  form,  a  horizontal  line  drawn  through  the 

•The  tension  test  of  tube  No.  9,  Series  2,  the  first  test  made,  did  not  furnish  the 
"eces-ary  da ta  on  account  of  an  unexpectedly  low  yield  point.  It  is  thought  that  the  use 
ot  the  yield-point  stress  obtained  from  the  average  curve  for  the  specimens  from  the  tubes 
ot  Series  2  (see  Fig.  20)  is  justified  because  the  break  of  the  curve  of  the  small  specimens 
trom  the  tubes  of  Series  1  agrees  closely  with  the  break  in  the  curve  obtained  from  tube 
No.  5  of  that  series  (axial  load  only),  42,500  lb.  per  sq.  in.  and  43,000  lb.  per  so  in 
respectively.  The  yield-point  stress  obtained  from  the  average  curve  of  the  specimens  from 
the  tubes  of  Series  2  (21,500  lb.  per  sq.  in.)  has  been  taken  as  the  yield-point  stress  in 
simple  tension  of  Series  2  and  the  valup  of  Poisson's  ratio  obtained  from  Series  1  has  been 
used   for   Series  2. 
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yield-point  stress  in  simple  tension  should  pass  through  all  the  points. 
Instead,  it  touches  only  the  initial  point.  Experiments*  have  shown 
that  for  ductile  material  the  ratio  of  the  shearing  yield-point  stress,  ob- 
tained by  torsion  tests,  to  the  tensile  yield-point  stress  varies  with  the 
material,  but  usually  lies  between  0.55  and  0.65,  in  the  majority  of 
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tests  ranging  near  0.60,  which  is  the  commonly  accepted  value.  A  few 
tests  show  a  ratio  less  than  0.50,  but  they  are  relatively  small  in  number. 
With  a  ratio  of  0.60,  the  shearing  yield-point  stress  line  would  lie  above 
the  line  through  the  yield-point  stress  in  simple  tension  by  an  amount 
equal  to  0.20  of  the  latter  stress.     The  exact  location  of  the  line  will 
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vary  with  the  material,  but  as  long  as  the  ratio  of  the  yield-point  stresses 
is  above  0.50,  there  is  the  hiatus  between  this  condition  and  that  de- 
manded by  the  above  form  of  the  maximum  shear  theory. 

The  horizontal  line  through  the  experimental  points  in  Fig.  22  is 
evidently  the  limit  of  the  shearing  strength.  It  corresponds  to  a  ratio 
of  shearing  yield-point  stress  to  tensile  yield-point  stress  of  0.59  for 
Series  1  and  0.62  for  Series  2,  which  values  agree  well  with  the  majority 
of  experiments. 

These  tests  indicate  that  there  are  two  laws  covering  the  case  of 
combined  stress  when  the  stresses  are  both  tension  and  act  in  two  direc- 
tions at  right  angles.  Apparently  the  point  at  which  the  change  in  law 
occurs  depends  upon  the  ratio  of  the  yield-point  stress  in  shear  to  that 
in  tension  and  the  change  from  one  law  to  the  other  may  occur  at  different 
ratios  of  the  principal  stresses  for  different  materials.  It  is  important  to 
establish  this  ratio  of  yield-point  stresses,  for  if  it  is  not  approximately 
constant  the  use  of  combined  stress  formulas  will  require  a  knowledge 
of  such  a  ratio  for  all  materials. 

Before  discussing  Series  3,  the  two  laws  just  referred  to  will  be 
applied  to  the  other  combinations  of  stress  and  a  comparison  made  with 
the  maximum  stress  theory,  the  maximum  strain  theory,  and  the  maxi- 
mum shear  theory.  Assuming  the  ratio  of  the  shearing  and  tensile 
yield- point  stresses  to  be  0.60  and  the  tensile  and  compressive  yield-point 
stresses  equal,  the  co-ordinates  of  the  rectangle  A  B  C  D  (Fig.  24)  repre- 
sent the  maximum  stress  theory,  the  rhombus  Q  K  J  L  the  maximum 
strain  theory,  and  the  figure  A  Kr,  B  C  L1;  D  A  the  maximum  shear 
theory.  The  line  A  M  K2,  N  B  represents  the  two  laws  in  the  tension- 
tension  quadrant,  while  B  E  S  C  represents  them  in  the  tension-compres- 
sion quadrant.  The  lines  M  K,  and  K2N  are  parallel  to  the  axes  and  at 
such  a  distance  from  them  that  the  ordinate  of  M  K2  and  the  abscissa 
of  K,N  are  each  1.20  times  O  A  or  O  B,  the  tensile  yield-point  stress. 
R  S  is  parallel  to  B  C  and  at  such  a  distance  from  it  that  one-half  the 
sum  of  the  ordinate  and  abscissa  of  any  point  between  R  and  S  is  equal 
to  0.60  of  O  B  or  O  C.  The  construction  of  the  other  two  quadrants  is 
such  that  the  figure  is  symmetrical  about  the  bisectors  of  the  quadrants. 
The  diagrams,  Fig.  22,  showing  the  comparison  of  theory  and  experi- 
ment for  Series  1  and  2  correspond  to  A  M  K,  in  the  tension-tension 
quadrant. 

In  Fig.  23  the  yield-point  stresses  of  Series  3  are  plotted  as  ordinates 
and  the  stress  ratios  of  circumferential  tensile  stress  to  axial  compressive 
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stress  as  abscissas.  Before  discussing  the  various  theories  in  connection 
with  the  experimental  results,  the  starting  points  of  the  theoretical  lines 
must  be  fixed.  The  maximum  shear  theory  demands  the  same  yield- 
point  stress  in  tension  and  in  compression;  the  maximum  strain  theory 
and  the  maximum  stress  theory  do  not.  From  the  average  curve  of  ten 
specimens  cut  from  a  ten-inch  remnant  of  the  original  tubing  from 


Compression 


Fig.  24.    Representation  of  Yield  Point  Strengths  for  Combined  Stresses 

According  to  the  Maximum   Stress  Theory,  the  Maximum  Strain 

Theory,  and  the  Maximum  Shear  Theory. 


which  the  tube  specimens  of  Series  3  were  cut,  (Fig.  20)  the  tensile  yield- 
point  stress  was  found  to  be  24,000  lb.  per  sq.  in.  The  compressive 
yield-point  stress  obtained  from  tube  No.  4  (no  internal  water  pressure) 
was  26.250  lb.  per  sq.  in.  With  the  demand  of  the  maximum  shear 
theory  for  equal  yield-point  stress  in  tension  and  in  compression  it  seems 
correct  to  take  as  the  initial  point  of  the  line  of  that  theory  the  average 
of  these  values,  or  25,100  lb.  per  sq.  in.  The  lines  of  the  maximum 
strain  theory  and  of  the  maximum  stress  theory  were  also  drawn  through 
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this  average  value  of  the  yield-point  stresses  and  compressive  yield-point 
stresses.  The  use  of  this  average  value  is  believed  to  be  justified  by 
the  observed  fact  that  the  yield-point  stress  of  low-carbon  steel  in  tension 
is  found  in  nearly  all  cases  to  have  the  same  numerical  value  as  the 
yield-point  stress  in  compression.  In  determining  the  line  for  the 
maximum  strain  theory  a  value  of  Poisson's  ratio  of  0.395  was  used. 
This  value  was  obtained  from  the  test  of  tube  No.  4,  Series  3  (Fig.  19). 
A  line  of  constant  shearing  stress  has  been  drawn  through  the  yield- 
point  stress  (14,000  lb.  per  sq.  in.)  obtained  from  the  torsion  test, 
since  simple  torsion  produces  tensile  and  compressive  stresses  of  equal 
intensities  and  hence  corresponds  to  a  stress  ratio  of  unity  (see  Fig.  21). 
The  lines  of  internal  friction  theory  and  of  Mohr's  theory  practically  coin- 
cide with  the  maximum  shear  theory. 

An  inspection  of  Fig.  23  shows  that  for  Series  3  as  well  as  for 
Series  1  and  2,  the  experimental  results  follow  the  maximum  strain 
theory  up  to  a  certain  stress  ratio  and  then  follow  a  line  of  constant 
shear  which  is  the  maximum  shear  developed.  The  ratio  of  the  shear- 
ing yield-point  stress  from  the  torsion  test  to  the  average  of  the  tensile 
and  compressive  yield-point  stresses  is  0.56.  The  question  of  the 
neglect  of  water  pressure  as  a  third  stress  does  not  enter  in  this  series, 
for  taking  the  stresses  in  the  order  of  their  magnitude  the  compression 
due  to  the  water  pressure  becomes  intermediate  between  the  circum^ 
ferential  tension  and  the  axial  compression,  so  that  the  maximum  shear- 
ing stress  is  equal  to  one-half  the  sum  of  the  axial  compressive  stress 
and  the  circumferential  stress.  This  series  leads  to  the  same  conclusions 
as  the  other  two,  although  the  ratio  of  the  shearing  and  tensile  yield-point 
stresses  is  somewhat  lower. 

The  net  result  of  this  investigation  as  it  affects  the  strength  of  steel 
under  combined  stress  in  two  directions  at  right  angles  to  each  other — 
biaxial  loading — is  that  instead  of  a  single  law,  whatever  its  nature,  as 
has  heretofore  been  assumed,  there  are  two  distinct  laws  governing  the 
strength  of  the  material,  each  law  dominant  within  its  limits.  These 
two  laws  are  the  maximum  strain  theory  and  the  maximum  shear  theory ; 
the  first  governs  until  the  shearing  yield-point  stress  of  the  material  is 
reached,  after  which  the  shear  theory  holds.  The  exact  point  of  the 
change  from  one  law  to  the  other  depends  upon  the  ratio  of  the  shearing 
yield-point  stress  to  the  yield-point  stress  in  simple  tension  and  com- 
pression. 

24.     Stiffness. — Although  strains  have  been  measured  in  many  tests 
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heretofore  made,  no  attempt  seems  to  have  been  made  to  determine  the 
law  of  stiffness.  It  has  been  taken  for  granted  that  the  deductions  of 
the  mathematical  theory  of  elasticity,  as  embodied  in  St.  Venant's  theory, 
hold,  or  else  no  attention  has  been  paid  to  strains  except  as  related  to 
the  strength  of  the  material  in  the  determination  of  the  yield  point  or 
so-called  elastic  limit.  The  weakness  of  the  mathematical  theory  of 
elasticity  lies  in  its  generalization  of  Hooke's  law  and  the  neglect  of  the 
temperature  changes,  so  that  the  strains  obtained  in  tests  of  isotropic 
materials  will  only  closely  approximate  the  computed  values.  The  effect 
of  shear  in  producing  strain  has  been  neglected  and  is  small  before  the 
yield-point  stress  is  reached,  but  the  variation  of  shearing  strength  in 
different  directions  throughout  the  specimen,  the  possibility  of  a  change 
in  Poisson's  ratio  with  increasing  stress,  the  possibility  of  a  different 
Poisson's  ratio  and  modulus  of  elasticity  with  and  across  the  direction  of 
rolling  or  drawing,  enter  to  complicate  the  problem.  The  material  ex- 
perimented upon  is  not  the  isotropic  substance  assumed  in  the  theory. 
Lines  have  been  drawn  on  the  stress-strain  curves  of  the  general  aver- 
ages of  the  axial  gage  lines,  Fig.  17,  18,  and  19,  giving  the  strains  as 
computed  by  the  mathematical  theory  of  elasticity  using  the  values  of 
Poisson's  ratio*  and  modulus  of  elasticity  obtained  from  tests  in  simple 
tension  and  in  compression.  These  lines  agree  quite  closely  with  the 
observed  values  except  in  the  case  of  tube  No.  1  of  Series  1,  and  tube 
No.  7  of  Series  2,  the  former  showing  lower  strains  and  the  latter 
greater  strains  than  the  computed  values.  Apparently  within  the  range 
of  application  of  the  mathematical  theory  of  elasticity,  where  E  is  con- 
stant, the  strains  follow  the  theory  with  sufficient  exactness  to  say  that 
the  theory  holds.  Lines  have  also  been  drawn  to  represent  the  strains 
corresponding  to  a  simple  tensile  or  compressive  stress  equal  to  the 
greater  principal  stress. 

For  the  circumferential  lines  there  have  been  drawn  on  the  stress- 


The  values  of  Poisson's  ratio  for  the  tubes  tested  in  simple  compression  and  in  simple 
tension  were  obtained  by  dividing  the  circumferential  unit-strain  taken  from  the  general 
average  curves  of  these  tubes  (which  is  the  same  as  the  diametral  unit-strain)  by  the 
corresponding  axial  unit-strain.  For  Series  1  this  ratio  for  tube  No.  5  is  0.334;  for 
Series  3,  obtained  from  tube  No.  4,  it  is  0.395.  The  modulus  of  elasticity  of  Series  1  is 
27,200,000  lb.  per  sq.  in.,  and  for  Series  3  it  is  29,500,000  lb.  per  sq.  in.  An  examination 
of  the  axial  and  circumferential  stress-strain  diagrams  of  tube  No.  5,  Series  1,  Fig.  17,  and 
of  tube  No.  4,  Series  3,  Fig.  19,  shows  that  in  the  first  case  (tension)  Poisson's  ratio 
remains  practically  constant,  diminishing  about  6  per  cent  after  the  yield-point  stress  has 
been  passed,  but  that  in  the  second  case  (compression)  this  latio  increases  to  almost  0.50 
after  the  yield-point  stress  has  been  passed.  There  is  no  reason  why  Poisson's  ratio  should 
be  constant  for  all  kinds  of  steel,  and  it  may  well  be  that  tension  and  compression  tests 
on  the  same  material  will  show  different  results.  It  is  not  known  what  the  effect  of  the 
hollow  specimen  is  in  changing  this  ratio  for  tension  or  compression  tests,  but  it  is 
thought  that  the  method  used  to  obtain  Poisson's  ratio  is  accurate  and  reliable.  It  is  to  be 
noted  that  for  the  compression  tests  the  value  of  both  Poisson's  ratio  and  the  modulus  of 
elasticity  are  higher  than  for  the  tension  tests. 
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strain  curves  of  the  general  averages,  Fig.  17,  18,  and  19,  lines  giving 
the  strains  computed  by  the  mathematical  theory  of  elasticity  and  also 
the  strains  accompanying  simple  tensile  stresses  equal  to  the  circum- 
ferential stresses.     The  values  of  Poisson's  ratio  and  the  modulus  of 
elasticity  are  taken  the  same  as  for  the  axial  lines.     The  lines  of  the 
mathematical  theory  of  elasticity  do  not  fit  as  well  as  in  the  case  of  the 
axial  strains.     It  can  be  seen  that  to  fit  the  experimental  points  of 
Series  1  and  2,  it  is  necessary  to  use  a  higher  value  for  both  the  modulus 
of  elasticity  and  Poisson's  ratio,  the  latter  requiring  the  greater  chan-e 
An  increase  in  Poisson's  ratio  will  increase  the  strains  of  tube  No°l 
and  lower  those  of  the  other  tubes  of  these  two  series.     An  increase  of 
the  modulus  of  elasticity  will  diminish  all  the  strains  proportionally 
It  will  be  recalled  that  the  value  of  Poisson's  ratio  obtained  in  compres- 
sion tests  was  high,  0.395.     For  Series  3,  where  Poisson's  ratio  is  hi-her 
than  for  Series  1  and  2,  the  modulus  of  elasticity  alone  need  be  increased. 
W  ith  a  higher  modulus  the  computed  circumferential  curves  fit  the  ex- 
perimental curves  quite  closely  except  for  tube  No.  5.     There  is  a  strong 
probability  that  both  Poisson's  ratio  and  the  modulus  of  elasticity  vary 
m  the  two  directions  with  and  across  the  direction  of  drawing  "  It  is 
scarcely  probable  that  the  law  changes,  and  the  close  agreement  between 
the  computed  and  observed  values  for  the  axial  strains  gives  strong  sup- 
port to  the  belief  that  all  the  strains  follow  the  requirements  of  the 
mathematical  theory  of  elasticity.     The  indications  are  that  the  modulus 
of  elasticity  and  Poisson's  ratio  may  be  different  in  different  directions 
throughout  the  steel,  in  much  the  same  way  that  Bauschinger  has  shown 
that  the  shearing  strength  of  rolled  steel  varies  in  different  directions 
In  Series  1  and  2,  Fig.  17  and  18,  for  the  tubes  tested  with  a  stress 
ratio  of  0.92,  the  yield-point  stress  in  the  circumferential  direction  was 
practically  the  same  as  the  yield-point  stress  in  the  axial  direction,  but 
the  circumferential  curves  show  a  more  sudden  yielding  of  the  material 
In  Series  3,  Fig.  19,  for  the  tube  tested  with  a  stress  ratio  of  0.90,  the 
circumferential  yield-point  stress  was  lower  than  that  in  an  axial  direc- 
tion.    All  the  circumferential  stress-strain  curves  of  Series  3  show  a 
sharp,  sudden  break  when  the  yield-point  stress  in  the  axial  direction 
is  reached,  no  matter  what  the  circumferential  stress  was.     Granting 
that  for  Series  3  the  value  of  Poisson's  ratio  increases  to  0.50  above  the 
yield-point  stress,  this  is  not  sufficient  to  account  for  the  great  increase 
in  the  strains.     It  must  be  that  the  shearing  stresses,  which  have  passed 
the  shearing  yield-point  stress,  produce  shearing  strains  of  sufficient 
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magnitude  to  account  for  this  increase  in  the  circumferential  strains. 
This  explanation  is  more  strongly  suggested  hy  the  stress-strain  curves 
of  Series  1  and  2,  where  Poisson's  ratio  remains  nearly  constant.  The 
circumferential  stress-strain  diagrams  that  continue  to  show  an  increase 
in  strain  after  the  axial  yield-point  stress  has  been  passed  are  those 
from  the  tubes  whose  axial  yield-point  stresses  lie  on  the  line  of  constant 
shear  of  Fig.  22.  Those  that  do  not  show  an  increase  at  this  time  are 
from  the  tubes  whose  axial  yield-point  stresses  lie  on  the  line  of  the 
maximum  strain  theory. 

That  the  shearing  strains  accompanying  the  axial  stress  can  affect 
the  circumferential  strains  is  shown  by  the  stress-strain  diagrams  for  the 
circumferential  lines  of  tube  jSTo.  4,  Series  1,  Fig.  14.  The  circum- 
ferential stress-strain  diagram  continues  straight  for  a  short  distance 
after  the  yield-point  stress  has  been  passed  in  the  axial  direction,  the 
circumferential  stress  corresponding  to  the  axial  yield-point  stress  being 
34.500  lb.  per  sq.  in.,  approximately.  This  is  during  the  stage  inter- 
mediate between  the  elastic  and  plastic  conditions.  When  the  axial  curve 
breaks  sharply,  the  circumferential  curve  changes  direction  also.  If 
Poisson's  ratio  were  the  only  factor,  all  the  diagrams,  with  the  possible 
exception  of  those  of  tubes  ISTo.  3,  6,  and  8,  where  a  high  stress  ratio  was 
used,  would  show  diminishing  strains  with  increasing  stress  after  the 
vield-point  stress  in  the  axial  direction  had  been  passed.  This  means 
that  the  tendency  to  reduce  the  diameter  of  the  tube,  due  to  the  rapidly 
increasing  axial  strains,  would  be  greater  than  the  tendency  to  increase 
the  diameter  produced  by  the  increase  of  the  water  pressure.  But  the 
curves  of  tubes  Xo.  2  and  4  show  an  increasing  strain  (increasing  tube 
diameter)  even  though  the  circumferential  stresses  were  well  below  the 
yield-point  stress  of  the  material.  These  two  tubes  are  the  ones  whose 
yield-point  stresses  lie  on  the  line  of  constant  shear,  Fig.  22,  and  with- 
out the  assistance  of  the  shearing  strains  in  producing  circumferential 
strains,  the  curves  of  these  two  tubes  would  show  a  diminishing  circum- 
ferential strain  as  the  circumferential  stress  increased  after  the  axial 
yield-point  stress  had  been  passed.  The  shear  which  causes  yielding  in 
an  axial  direction  is  on  a  different  plane  from  that  causing  yielding  in 
a  circumferential  direction.  The  former  shear  acts  along  a  plane  which 
passes  through  the  direction  line  of  the  circumferential  tension  and  cuts 
the  axis  of  the  tube  at  an  angle  of  45°.  The  latter  shear  acts  on  a  plane 
which  passes  through  the  direction  line  of  the  axial  tension  and  is 
parallel  to  the  axis  of  the  tube  making  an  angle  of  45°  with  the  direc- 
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tion  line  of  the  circumferential  stress.  These  shearing  stresses  are  of- 
different  magnitudes,  according  to  the  ratio  of  the  stresses,  and  each  is 
equal  to  one-half  the  principal  stress  cut  by  its  plane  at  an  angle  of  45°. 

Apparently  the  strains  follow  the  requirements  of  the  mathematical 
theory  of  elasticity  for  all  stress  ratios,  but  there  may  be  different  values 
of  Poisson's  ratio  and  the  modulus  of  elasticity  for  the  axial  and  circum- 
ferential directions.  After  the  yield-point  stress  in  one  direction  has 
been  passed  the  shearing  strains  have  a  considerable  influence  upon  the 
deformations  in  the  second  direction. 

25.  Comparison  With  the  Methods  and  Results  of  Other  Investi- 
gations.— Attention  is  called  to  several  points  of  difference  between  the 
method  of  investigation  here  recorded  and  the  methods,  used  by  others. 
The  greatest  difference  lies  in  the  use  of  a  portable  extensometer  to  meas- 
ure strains,  the  strain  gage,  whereby  a  large  number  of  measurements 
were  taken,  both  along  the  specimen  and  around  it.  Previous  investiga- 
tions used  a  fixed  extensometer  which  measured  strains  along  one  or 
two  gage  lines,  or,  in  some  cases,  used  no  strain  measurements.  No 
assumptions  of  uniform  stress  distribution  were  made,  in  the  present 
series,  for  the  strain  gage  records  the  variations  and  the  gage  length  can 
be  varied  to  suit  the  needs.  With  readings  taken  on  a  large  number  of 
gage  lines  for  every  load  increment,  a  certain  positiveness  of  result  is 
attained  which  is  impossible  with  attached  instruments  and  few  gage  lines. 
Local  effects  are  thus  minimized.  Another  difference  lies  in  the  larger 
size  of  the  specimens  tested  and  in  the  smaller  ratio  of  thickness  of  tube 
wall  to  diameter.  Because  of  the  form  of  specimen  and  the  method  of 
applying  load,  the  stress  was  nearly  uniform  throughout  the  specimen; 
there  was  no  "helping"  effect  by  understressed  material,  no  point  of 
maximum  stress  to  be  located.  The  use  of  Johnson's  apparent  elastic 
limit  method  for  determining  yield-point  stress  gives  a  definite  point  for 
comparison. 

An  attempt  was  made  to  keep  a  definite  ratio  between  circum- 
ferential and  axial  stresses  throughout  the  test  of  each  tube,  so  that  com- 
parison might  be  made  later  for  these  ratios.  As  far  as  possible,  it  was 
intended  with  a  set  of  specimens  cut  from  a  given  length  of  tubing  to 
cover  the  entire  range  of  stress  ratio  within  tension-tension  or  compres- 
sion-tension quadrants.  The  experiments  reported  by  others  and  re- 
ferred to  in  this  section  show  generally  a  haphazard  ratio  of  stresses, 
and  the  loads  used  were  such  that  a  definite  stress  was  produced  in  one 
direction  and  then  the  other  stress  was  increased  until  yielding  took  place. 
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The  earliest  important  investigation  of  this  subject  was  that  reported 
by  J.  J.  Guest*  in  1900.  The  tests  were  made  upon  small  steel,  copper, 
and  brass  tubes  about  l1^  in.  outside  diameter  and  varying  in  thickness 
from  0.025  in.  to  0.034  in.     Tests  were  made  in  combined  torsion  and 
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Fig.  25.     Relation  Between  Shearing  Stresses  Due  to  Torsion  and  the  Ten- 
sile or  Compressive  Stresses  Due  to  Axial  Load  or  Bending. 

axial  tension,  in  torsion  and  circumferential  tension,  and  in  axial  and 
circumferential  tension.  The  strains  were  measured  by  a  two-point 
extensometer,  and  although  it  was  attached  to  the  outside  of  the  tube, 
the  full  hydrostatic  pressure  was  counted  as  a  third  principal  stress 
(compressive).     Other  than  the  tests  on  tube  No.  1  of  Guest's  investi- 


*Phil.   Mag.,    1900. 
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gation,  there  are  but  two  tests  where  the  stress  ratio  of  circumferential 
tensile  stress  to  axial  tensile  stress  is  0.50  or  less,  and  test  No.  1  and  one 
of  the  others  follow  the  maximum  strain  theory  closely.  The  yield- 
point  stress  was  used  as  the  basis  of  comparison,  and  each  test  was 
carried  just  beyond  the  yield  point.  Criticism  may  be  made  of  the 
repeated  use  of  the  same  specimen,  since  the  yield-point  stress  is  raised 
by  repeated  loading  beyond  the  yield-point  stress  of  the  first  test.  It  is 
not  stated  whether  the  tubes  were  annealed  between  tests.  The  results 
are  taken  to  justify  the  maximum  shear  theory,  and  in  the  main  they 
do  within  the  field  investigated,  since  the  majority  of  the  tests  had  a 
stress  ratio  between  0.50  and  1.00  within  which  limits  the  shear  theory 
undoubtedly  holds.  The  tests  also  show  that  the  maximum  shear  de- 
veloped is  greater  than  one-half  the  yield-point  stress  in  simple  tension. 

Following  Guest  comes  the  work  of  C.  A.  M.  Smith,*  W.  A.  Scoble,f 
E.  L.  Hancock,^:  and  Win.  Mason*  on  bars  and  tubes  in  torsion  and 
tension  or  compression  and  on  small  tubes  in  compression  and  internal 
pressure.  All  these  results  are  used  to  justify  the  maximum  shear  theory 
which  demands  that  the  shearing  yield-point  stress  is  equal  to  one-half  the 
yield-point  stress  in  simple  tension.  With  one  exception,  however,  that 
of  Scoble's  tests  reported  in  1906,  the  maximum  shear  developed  is 
greater  than  one-half  the  yield-point  strength  in  tension,  which,  as  noted 
above,  was  also  found  in  Guest's  tests.  The  majority  of  these  tests — like 
Guest's — are  in  the  region  where  the  stress  ratio  is  greater  than  0.50. 
These  tests  cover  the  entire  four  quadrants  of  combined  stress. 

The  tests  of  Professors  Smith  and  Hancock  will  be  shown  on  dia- 
grams similar  to  Fig.  25  (Fig.  26  and  27),  in  which  the  ordinates 
represent  the  shearing  stress  due  to  torque  and  the  abscissas  represent 
the  tensile  or  compressive  stress  due  to  axial  load  or  bending.  The 
diagram  of  Fig.  25  will  be  discussed  before  the  tests  are  taken  up.  The 
shearing  stress  is  plotted  to  twice  the  scale  of  the  tensile  or  compressive 
stress.  If  a  circle  with  a  radius  equal  to  the  tensile  yield-point  stress 
is  drawn  with  O  as  a  center,  it  will  represent  the  relation  between  the 
shearing  and  the  direct  stress  which  produces  a  combined  stress  causing 
yielding  required  by  the  maximum  shear  theory.  It  will  be  observed  that 
the  shearing  yield-point  stress  must  therefore  equal  exactly  one-half  the 
tensile  yield-point  stress.  A  circle  with  radius  equal  to  the  shearing  yield- 
point  stress  obtained  from  tests  in  simple  torsion  (0.6  the  tensile  yield- 

*Inst.   Mech.   Engrs.,  1909. 

IPhil.  Mag.,  1906 

tAm.  Soc.  for  Testing  Materials,  1905,  6,  7,  8. 
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point  stress)  is  shown;  also,  the  ellipse  representing  the  St.  Venant  or 
maximum  strain  theory,  beginning  at  the  tensile  yield-point  stress.  The 
two  laws  as  advanced  in  this  bulletin  require  that  the  maximum  strain 
theory  hold  to  the  intersection  of  the  St.  Venant  ellipse  and  the  circle 
for  limiting  shearing  stress  for  ratio  of  0.6,  and  that  then  the  shear 
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Fig.  26.    Results  of  Tests,  by  C.  A.  M.  Smith. 


shall  govern.  Hancock's  ellipse  has  been  added  to  show  how  closely  he 
came  to  the  results  here  advanced. 

The  results  of  Smith's  and  Hancock's  tests  have  been  plotted  in 
Fig.  26  and  27.  Both  compression  and  tension  have  been  plotted  on 
the  same  side  of  the  diagrams  (symmetry  permitting  this),  and  the 
results  of  the  different  tests  have  been  changed  proportionally  in  order 
to  compare  them  with  a  single  set  of  theoretical  curves.  A  comparison 
of  the  two  laws  herein  proposed  with  the  experimental  results  of  these 
investigations  show  that  the  experimental  results  fit  these  laws  better 
than  the  maximum  shear  theory  which  the  tests  were  taken  to  prove. 

Ficr.  26  shows  the  results  of  C.  A.  M.  Smith's  tests  on  S.  S.  and 
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A.  D.  steel.  Professor  Smith  maintains  that  the  shearing  yield-point 
stress  of  steel  is  one-half  the  tensile  yield-point  stress  within  small  limits 
and  quotes  Turner's  tests*  to  prove  his  point.  His  own  tests  do  not  bear 
out  his  contention  and  Turner's  tests  show  considerable  variation,  averag- 
ing about  0.54  for  this  ratio.  Professor  Smith's  tests  are  examples  of 
careful  work,  but  the  interpretation  of  the  tests  as  an  unqualified  endorse- 
ment of  the  maximum  shear  law  cannot  be  accepted. 

Mr.  Scoble's  tests  seem  to  indicate  that  the  shearing  yield-point 
stress  is  lower  than  half  the  tensile  yield-point  stress.  This  result  may 
possibly  be  accounted  for  by  the  way  the  shearing  yield-point  stress  was 
located.  This  stress  was  taken  at  the  intersection  of  the  straight  line 
of  the  elastic  portion  of  the  stress-strain  diagram  with  a  line  drawn 
through  the  diagram  beyond  the  yield  point.  Since  a  stress-strain  curve 
for  torsion  breaks  more  quickly  than  a  tension  curve,  it  may  be  that 
the  determination  of  the  shearing  yield-point  stresses  are  affected  by 
this.  Scoble's  method  of  measuring  the  bending  moment  by  means  of 
the  deflection  of  the  beam  may  be  in  error,  for  the  law  of  deflection 
under  the  combined  stress  would  be  influenced  by  the  very  law  he  was 
seeking  to  determine. 

The  results  of  Professor  Hancock's  testsf  are  shown  in  ~Fig.  27.  The 
curves  of  the  maximum  shear  theory  and  the  maximum  strain  theory 
have  been  drawn  as  well  as  his  ellipse.  Hancock  used  the  p-limit  as  his 
criterion.  He  alone  of  these  investigators  realized  the  shortcomings  of 
the  maximum  shear  theory  and  endeavored  to  remedy  them  by  fitting 
an  ellipse  to  the  experimental  results.  The  ellipse  fits  quite  closely,  but 
while  it  is  a  close  approximation,  it  does  not  fit  the  results  as  closely 
as  do  the  curves  representing  the  two  laws  herein  proposed.  His  ellipse 
is  empirical,  while  the  combination  of  the  maximum  strain  theory  with 
the  maximum  shear  theory  has  a  foundation  in  the  theory  of  the  strength 
of  materials. 

Since  torsion  combined  with  compression  or  tension  can  be  resolved 
into  a  case  of  tension  combined  with  compression,  Smith's  and  Hancock's 
tests  fall  in  the  fourth  quadrant  and  show  the  applicability  of  the  two 
laws  there. 

Mason's  tests  on  tubes  in  compression  and  internal  pressure  show 
that  the  maximum  shearing  stress  developed  is  greater  than  the  shear- 
ing stress  developed  in  simple  compression.     The  average   of  all  his 

'Engineering,   London,   February   5,   1909. 

fProceedings  of  the  American    Society   for   Testing   Materials,   1908. 
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tests  in  which  a  constant  stress  ratio  of  one  to  one  was  used,  gives  this 
maximum  shearing  stress  as  0.60  of  the  compressive  yield-point  stress. 
As  all  the  tests  had  the  one  stress  ratio,  it  is  not  possible  to  make  a 
comparison  with  theories,  but  the  point  thus  located  falls  on  the  line  of 
the  two  laws. 

Minor  inconsistencies  are  to  be  expected  in  experimental  work  of 
this  nature,  both  on  account  of  the  variation  in  the  material  tested  and 
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Fig.  27.    Results  of  Tests,  by  E.  L.  Hancock. 

on  account  of  the  apparatus  used.  The  number  of  tests  made  by  these 
investigators  is  insufficient  to  establish  completely  any  theory,  but  a  care- 
ful study  of  the  published  data  will  lead  to  the  conclusion  that  the  two 
laws,  the  theory  here  advanced,  conform  more  closely  to  the  experimental 
results  than  any  single  law. 

26.  Summary  and  Conclusions. — The  following  summary  deals  with 
the  method  of  investigation  and  with  the  deductions  which  have  been 
made  from  the  data.  As  this  is  the  first  investigation  of  combined 
stress  wherein  a  portable  strain  measuring  instrument — such  as  the  strain 
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gage — has  been  used,  it  is  felt  that  considerable  emphasis  may  be  laid 
upon  this  fact.     The  size  of  the  specimen  is  much  larger  than  any  here- 
tofore used.     These  conditions  tend  to  give  more  trustworthy  results. 
The  experimental  conclusions  are: 

1.  The  use  of  a  portable  strain  measuring  instrument  is  a  de- 

cided advantage  since  it  makes  it  possible  to  take  measure- 
ments on  a  large  number  of  gage  lines  for  each  increment 
of  load,  obviating  to  a  large  extent  the  effect  of  local  varia- 
tions in  the  test  specimen. 

2.  The  use  of  large  tubes  with  thin  walls  gives  quite  uniform 

stress  distribution,  the  yield-point  stress  is  more  positively 
determined,  and  the  effect  of  eccentricity  of  loading  is  less 
than  with  solid  bars  on  account  of  the  larger  diameter  of 
the  tube. 

3.  With  large  tubes  the  thickness  of  the  tube  walls  can  be  accurately 

determined. 

4.  Flat  plates  in  cross  bending  give  uneven  distribution  of  stress 

and  are  not  satisfactory  for  biaxial  loading  tests. 
The  deductions  which  have  been  made  from  the  experimental  data 
are: 

5.  With  increasing  values  of  the  ratio  of  the  biaxial  stresses  the 

yield-point  strength  follows  the  maximum  strain  theory  until 
the  value  of  the  shearing  stress  reaches  the  shearing  yield 
point,  then  the  shearing  stress  controls  according  to  a  maxi- 
mum shear  theory.  There  are  thus  two  independent  laws  each 
dominant  within  proper  limits  instead  of  some  single  law  as 
has  heretofore  been  assumed. 
G.  Because  these  two  laws  govern  the  strength  of  ductile  materials 
under  biaxial  loading,  the  ratio  for  simple  stresses  of  the 
shearing  yield-point  stress  to  the  tensile  yield-point  stress  is 
important. 

7.  The   stiffness   follows   the   requirements   of    the   mathematical 

theory  of  elasticity  for  all  stress  ratios,  but  the  values  of 
Poisson's  ratio  and  the  modulus  of  elasticity  may  be  different 
in  the  two  directions,  with  and  across  the  rolling  and  drawing 
of  the  steel. 

8.  The  results  of  the  tests  reported  by  previous  investigators  con- 

form better  to  the  two  laws  of  strength  than  to  any  single 
law. 
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APPENDIX  II.    MATHEMATICAL  TREATMENT. 

1.  Stresses  and  Strains. — The  analysis  of  stress  and  strain  in  elastic 
materials  known  as  the  mathematical  theory  of  elasticity  embodies  the 
most  complete  and  elaborate  theory  of  the  action  of  elastic  bodies  under 
stress.  The  following  brief  presentation  of  the  mathematical  theory  of 
elasticity  as  it  applies  to  the  problem  of  the  investigation  follows  largely 
the  treatment  of  Love.*  It  will  be  desirable  to  outline  briefly  the  work 
leading  up  to  the  derivation  of  the  general  equations  of  the  mathematical 
theory  of  elasticity  connecting  stress  and  strain  before  taking  up  the 
derivation  of  the  equations  of  stress  and  strain  in  a  cylinder  under 
internal  pressure  and  an  axial  load. 

In  the  theory  of  elasticity  the  relations  between  three  sets  of 
magnitudes  must  be  considered. 

1.  The  displacements  of  the  points  of  the  strained  body.  If  the 
ordinary  rectangular  system  of  coordinates  is  used  for  reference,  the 
displacement  s  of  a  point  due  to  the  strain  is  resolved  into  components 
u,  v,  w  parallel  respectively  to  the  X,  Y  and  Z  axes. 

2.  The  strain  components.  Let  c1?  c2,  c3  denote  the  strains  in  the 
directions  of  the  X,  Y ,  Z  axes,  respectively;  then 

du  dv  dw 

*1=   —  ,«2=   —  ,£3=  —      (1) 

dx  dy  dz 

The  components  of  shearing  strain  are  denned  as  follows : 

dw       dv  du       dw  dv       du 

£23  =   —  +  —    ,  £31  =  —  +  —    ,  «i2  =  —  +  — (2) 

dy       dz  dz       dx  dx       dy 

Here  c23  denotes  the  shearing  strain  in  the  plane  YZ,  etc.  Along 
with  the  strain  components  may  be  included  the  components  of  the 
rotation  of  an  element  of  the  body.  If  the  displacement  involves  a  rota- 
tion w  of  the  element  as  a  whole  and  this  rotation  be  resolved  into 
X,  Y  and  Z  components,  then  these  components  are  given  by  the  rela- 
tions 

du      dw  dv      du 

i —  r  »  w3=  i —  7~ (3) 

dz       dx  dx      dy 

The  six  stress  components  may  be 
tx  is  the  stress  in  the  direction  of  the 

X-axis  on  a  plane  perpendicular  to  the  X-axis;  similarly  for  a2  and  o-3. 

o-23  is  the  stress  in  the  direction  of  the  F-axis  over  a  plane  perpendicular 

to  the  Z-axis;  therefore  it  is  a  shearing  stress. 


dw 

dv 

Wl 

dy 

dz 

3. 

The 

stress  components. 

denoted 

by  <rv 

i  f2> 

°3  5   °"23> 

(T31,<T12. 

•The    Mathematical   Theory   of   Elasticity,    A.    E.    H.    Love,    1904. 
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The  stress  components  must  satisfy  certain  conditions  of  equi- 
librium, which  are  expressed  by  three  equations  of  the  following  type 
(assuming  that  the  body  forces,  such  as  gravity,  may  be  neglected,  and 
that  the  body  is  at  rest). 

£  +  dfB  +  ^  =  0    (4) 

ox         oy         oz 

The  six  strain  components  e15  e2,  etc.,  and  the  six  stress  components 

are  connected  by  certain  relations.     Hooke's  law,  the  linear  relation 

between  stress  and  strain,  is  the  basis  of  these  relations.     Each  stress 

component  is  taken  as  a  linear  function  of  the  six  strain  components; 

thus 

°"i  =  ajtj  +  a2e2  +  a3e3  +  a4c23  +  a5e31  +  aG€12    )  ,  r  x 

<r2  =   Vl  +  &2«2  +  &3<3  +  ^23  +  &5«31  +  &G«12      )     ' 

etc. 

A  consideration  of  the  work  done  in  deforming  a  body  leads  to  the 

conclusion  that  there  must  exist  a  so-called  strain-energy  function  V, 

such  that 

d  V  d  V 

<rt  =  — -  ,  <r2  =  — ,  etc. 

It  follows  that  the  function  V  must  be  a  homogeneous  quadratic 
function  of  the  six  strain  components  and  must  have  therefore  21  terms. 
The  number  of  coefficients  apparently  36  in  eq.  (5)  is  thereby  reduced 
to  21  by  relations  of  the  form  a2  =  b1}  a3  =  cu  a4  =  d1}  etc. ;  that  is, 

6 

V  is  the  symmetric  determinant  of  the  quadric       ?    c.  e 

l 

If  the  body  is  isotropic,  these  21  coefficients  can  be  reduced 
to  two.  Denoting  by  A  one  of  these  remaining  coefficients  and  by  /x  one- 
half  the  difference  between  the  two  coefficients,  the  following  relations 
between  stresses  and  strains  are  established : 

(Tj   =  AA  +  2jU€1~j 

<r2  =  AA  +  2fxe2  [ (6) 

0-3  =  AA  +  2^e3J 
where  ar,  v.,  and  03  are  the  stresses  along  the  X,  Y  and  Z  axes  respectively 
and  ex,  c2  and  e3  are  the  corresponding  strains.    A  is  the  dilatation  and 
is  equal  to  the  sum  of  els  e2  and  c3. 

Let  —  =  Poisson's  ratio 
m 

E  =  the  modulus  of  elasticity. 
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Applying  the  relations  between  stress  and  strain  to  a  bar  in  simple 
tension,  the  following  relation  between  Poisson's  ratio  and  the  modulus 

of  elasticity  is  established.    Both 


and  E  are  to  be  determined  from 


in 


tests  in  simple  tension  or  compression. 

/*(3A  +  2/a) 


E  = 

1 

m 


A+m 
A 


2(X+/») 

G  =  the  shearing  modulus  of  elasticity  =  /x. 


1  /     m     \ 

~  2  \m+l) 


E 


(7) 
(8) 

(9) 


The  values  of  A  and  u  may  now  be  established  in  terms  of  E  and 


A  = 


Em 


(ro+1)  (m-2) 

E  m 
/"•  = 


2  (w+1) 
Adding  the  second  and  third  equations  of  (6) 

o-2  +  <t3  =  2A  A  +  2/i.  (e2  +  e3) 
=  2A  A+2/*(A-£!) 
q"2  +  °"3  +  2/*ci 
2(A+/x) 

(°"2  +  o-3+2/^q) 


(10) 

(11) 


A  = 


AA=  — 

m 


<T\  —  2/Atj  =    — 


;;/ 


Similarly   <r2  = 


(tr,  -f-  cr3)   +  (J.ti  { 
-  (tr2  +  cr3)  +££l 

m 

~  (<»"1  +  °"3)   +££2  * 

m 


A  +  M 


0-3  =  -    (°"1  +  °"2)   +-E£3 
W 


(12) 
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Rearrangement  of  Eq.  (12)  gives 

£e1=cr1 (<T2-\-<T-,i) 

m 


Ee-2  =  a> (o-i-j-o-3) 

m 

£e;;  =  0"3  —     —  (O"!  +  0"V>) 

m 


(13) 


These  are  the  three  fundamental  equations  connecting  stress  and 
strain.  Ee^  Ee2  and  Ee3  are  called  by  various  writers  the  reduced  stresses, 
the  true  stresses,  or  the  ideal  stresses. 

2.  Stresses  and  Strains  in  a  Thin  Tube. — For  bodies  of  cylindrical 
form  it  is  convenient  to  use  cylindrical  coordinates  r,  6  and  z  instead  of 
the  rectangular  system  x,  y,  z.  The  z  coordinate  is  measured  parallel  to 
the  axis  of  the  tube,  r  denotes  the  radial  distance  from  the  axis,  and  6  the 
angle  of  an  axial  plane  from  some  chosen  initial  plane. 

Denoting  by  u,  v  and  w  the  displacement  components,  as  before 
(u  radial,  w  axial  and  v  perpendicular  to  a  radius  r)  the  three  strain 
components  er,  e^  ez  are  given  by  the  relations 

du  1  dv       u  dw 

<*  =   —  ,  iff  =   -—  +  -,  Cz   =    — (14) 

or  r  dv       r  dz 

and  the  corresponding  stress  components  are  given  by  the  equations 

(Tr  =  AA  4"  2/X€T  1 

^  =  AA  +  2^l (15) 

<jz  —  AA  +  2/.iezJ 
Expressions  for  the  shearing  strain  and  stress  components  may  be 
deduced,  but  they  are  not  needed  in  the  present  investigation. 

In  the  case  of  a  hollow  cylinder  under  internal  pressure,  conditions 
of  symmetry  require  that  the  displacement  v  shall  be  zero;  hence  the 

expression  for  t$  in  (14)   reduces  to  e0  =  - .       Furthermore,  it  is  per- 

r 

missible  in  the  case  under  consideration  to  assume  a  condition  of  plane 
strain,  in  which  all  points  in  a  cross  section  of  the  cylinder  experience 
the  same  displacement  w  in  the  z  direction.  With  this  assumption, 
w  =  az,  where  a  is  a  constant,  and  therefore  ez  =  a.  With  these  simplify- 
ing assumptions,  the  expression  for  the  dilatation  takes  the  form 

d/u.      u 

A=  — +  -+c 
dr        r 

If  now  general  expressions  for  the  displacements  u  and  w  are  found, 

eq.   (14)  will  give  the  strain  components  and  eq.   (15)   the  stress  com- 
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ponents.  The  conditions  of  equilibrium  must,  however,  be  satisfied,  that 
is  relations  analogous  to  (4)  must  be  introduced.  It  is  possible,  however, 
to  eliminate  the  stress  components  by  the  aid  of  eq.  (6)  or  eq.  (15) 
and  thus  to  express  the  equilibrium  conditions  in  terms  of  displacements 
only.    Thus  from  (4)  and  (3)  may  be  derived  the  relation 

(X  +  2m)t--2/*(- — M  =0 (16) 

ox  \  oy        oz  / 

with  two  similar;  and  in  cylindrical  coordinates  a  similar  process  leads 

to  the  relation 

(X  4-  2,0 2/*     -  -3  -  - 2  )  =  0 (17 ) 

dr  \  r   do        dz  / 

In  the  case  under  consideration  the  rotation  components  w2  and  w3 
must  be  zero  (w2  may  have  a  small  finite  value  at  the  extreme  ends 
of  the  tube),  hence  (17)  reduces  to 

d  ( ou      u         \  ,     „ 

(A  +  2/t)-    -  +  -  +a     =0 (18) 

ot\or        r  J 

Integration   of  this   equation   leads  to   the   following   relation   for   the 

displacement:  ■ 

u  =  Cr    +- 
r 

in  which  C  and  D  are  constant. 

Introducing  this  expression  for  u  in  the  expression  for  cr,  ee  and  A, 

the  result  is 

du       n      D 

er  =  —  =  C—  - 

dr  r- 

r  r- 

A  =  2C  4-  a 
Hence  the  relations  (15)  become 


<rr  =\(2C  +  a)+2Jc-  -\ 


=  2C(X  +  ,x)  -2/*-  +  Xa (20) 

r- 

<T0A=(2C  +  a)  +  2W  C+y2) 

=  2C(X  4-  p)  +  2/t  -  +  X  a   (21) 

crz  =X(2C4-a)  +  2Ma 

=  2C  X  4-  (X  +  2^)a    (22) 
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To    determine    the    constants    C    and    D,    we    have    the    conditions 
o>  =  —  [\  the  internal  pressure,  when  r  =  i\,  the  internal  radius 
ar  =  — p0  the  external  pressure,  when  r  =  r0,  the  external  radius 

From  (20) 

D 

-pi  =  2C(A+/*)-2/*-  +  Aa 

T 

D 
— *o=2C(X+/*)— 2/*~-  +  Aa 
r 

whence 


2t,D={pl-p.)  -^-2 (23) 

2C(A+/x)=^    \    ^„ Aa (24) 

r02— rr 

Equations  (23)   and  (24)  may  be  written 

2fJ)  =  T    (23a) 

2C(A  +  iu)  =S  —  Aa (24a) 

7?  7*  2 — 0  V  2 

It  will  be  observed  that  S  =       1 2_  °2fa     gives  the  mean  intensity 

of  tensile  stress  in  a  cross-section  of  a  closed  tube  due  to  the  internal 

fluid  pressure  p1}  with  external  pressure  p0.    In  the  test  the  axial  stress 

was  in  part  applied  by  the  testing  machine;  hence  its  value  may  be 

denoted  by  IS,  where  Je  is  a  constant  that  becomes  equal  to  1  when  the 

axial  stress  is  one-half  of  the  hoop  tension.     In  the  test  an  axial  stress 

was  applied  by  the  testing  machine  and  this  must  be  added  to  the  axial 

stress  due  to  internal  pressure.     Hence  the  total  axial  stress  may  be 

taken  as  IS.    Putting  IS  for  az  in  (22)  and  combining  with  (24a),  we 

have  two  equations  for  the  determination  of  a  and  C,  namely: 

kS  =  2\C  +  (A  +  2At)a 

2C  (A  +  p.)  =  S  -  Aa 

From  these  the  following  results  are  readily  obtained : 

S  /.       2 


c=i[l-i(l+k)] (26> 

Also  from  (23a) 

T       Tl  +  m. 

D=-=--^ (27) 

2/a      E     m 

The  strain  component  c&  is  now  found. 
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t$  =  c+^Js\1-i(l  +  k)-]  +  ^-±^\ (28) 

r'£L|_        m  J       r-     m    J 

The  value  of  e„  at  the  outer  surface  of  the  cylinder,  where  the  strain 
was  measured,  is  found  by  taking  r  =  r0.  Substituting  now  the  proper 
expressions  for  S  and  T,  and  putting  r  =  r0,  (28)  becomes 

(„.=  *{££*£[■!_  I  ci+*)  1  +  <*-*)  ^r/-^}  •  -(29) 

E  L.     roz—ri2    \_       m              J  r<?—rxl    m    J 

Since   p0   is    small   compared    with   p1}  the    terms   p^2   —   p0r02    and 

(Pi  —  Po)  ri  mav  De  considered  equal.  With  this  approximation   (29) 
becomes 

*)•  =  "Si       ,  2        2-  -     i (30) 

If  we  consider  a  closed  cylindrical  tube  with  internal  hydrostatic 
pressure  px  and  external  pressure  p0,  the  net  load  producing  axial  tension 
is 

"(PSi2  —  Poro2) 
and  the  area  of  the  cross  section  of  the  tube  is 

ir(r02  —  r,2) 
Denoting  the  load  by  P  and  the  area  by  A,  we  have 

prf-porf  =  P 
r<>2— rr  A 

P     /           k\ 
Mo  =  — -  (  2-  -  )  (31) 


EA  \         m 

PI  2\ 

£7=a=F7(  k~-) (32) 

EA  \         m) 

In  the  test  the  axial  load  applied  was  I'P  =  L;  hence 

(„)*(?==*)  (33) 

EA  \    km    / 

L    /km—2\ 

£.4  \    km    / 

The  corresponding  values  of  Et  (reduced  stresses)  are 

,   „        L  2m— &  .„„. 

Efo)o=7  — (35) 

^4     &  m 

£fe  =  i*4=2  (36) 
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The  actual  stresses  are 

k  P      L 

*-ks-  —  —A 

T 

r- 
T 

Iii  the  preceding  discussion  the  results  have  been  obtained  in  terms 
of  /',  and  /',,  ilif  absolute  internal  and  external  fluid  pressures.  Evi- 
dently /'„  is  the  pressure  of  the  atmosphere.  In  the  test  the  internal 
pressure  /',  was  measured  by  the  gage,  and  no  account  was  taken  of  the 
external  pressure  p0.    This  procedure  is  justified  by  the  following  results: 

Let  //  =  Pi  —  pa  =  internal  gage  pressure. 

Then  frr,2  -/>ofo2  =  />,r12-/>„r„2-/>0rl2+^.,rl2 

and  =  ipi~po)-t -2-p»-2 :2=  ~ -t-p* 

r0n  ,    r,rrr 


r0—rr  rQ--rl- 

From    (38)   the  hoop  tension  at  the  outer  surface  is 

c.  ,     T  p'r?  p'r;1  p'r? 

r,r       r,,i  —  rl2  r,r~rx2         r,r  —  rx2 

Since  //„  is  entirely  negligible  in  comparison  with  8,  we  may  take 

2L 

(o*)0  =  2S=—    (40) 

k  A 

For  the  corresponding  stress  at  the  inner  surface,  we  have 

t        T         ,  (rr+r,,2)  2L 

(<rg)i  =  S+-=p'K— {  =2S+p'=  — -  +p' (41) 

r,-  r,/—  rr  k  A 
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THE  STRENGTH  OF  THE  WEBS  OF  I-BEAMS  AND  GIRDERS 

I.     Introduction. 

1.  Preliminary. — In  designing  beams  and  girders  it  is  usual  to 
consider  that  the  bending  action  is  resisted  by  the  flanges,  and  the 
shearing  stress  by  the  web.  There  is  a  tendency,  however,  for  webs 
of  deep  girders  to  fail  by  buckling ;  and  there  are  complex  stresses  set 
up  at  the  junction  of  the  web  and  flange.  There  are  also  crushing 
stresses  in  the  web  over  the  supports  of  the  girder  or  under  the  points 
of  application  of  concentrated  loads. 

When  a  girder  is  subjected  to  flexure  the  material  on  one  side  of 
the  neutral  axis  is  subjected  to  longitudinal  tensile  stresses  and  the 
material  on  the  other  side  is  subjected  to  longitudinal  compressive 
stresses.  The  material  at  any  point  in  the  girder  is  also  subjected  to 
longitudinal  and  to  transverse  shearing  stresses  of  equal  intensity.  The 
longitudinal  tensile  and  compressive  stresses  are  equal  to  zero  at  the 
neutral  axis  and  increase  to  a  maximum  at  the  outer  edges  of  the 
flanges.  The  shearing  stresses  are  equal  to  zero  at  the  outer  edges  of 
the  flanges  and  increase  to  a  maximum  at  the  neutral  axis.  Since  the 
shearing  stress  is  equal  to  zero  at  the  outer  edge  of  the  girder  the 
flange  carries  little  and  the  web  practically  all  of  the  shear  on  a  trans- 
verse section. 

In  the  design  of  a  girder  the  longitudinal  stress  in  the  outer  edge 
of  the  flange  is  limited  to  a  safe  value  for  the  material  in  tension  or 
compression,  and  the  average  shearing  stress  in  the  web  (obtained  by 
dividing  the  maximum  total  shear  upon  a  transverse  section  by  the 
cross-sectional  area  of  the  web)  is  kept  within  safe  limits  for  the  ma- 
terial in  shear.  Although,  according  to  the  elastic  theory  of  beams, 
points  intermediate  between  the  neutral  axis  and  the  outer  edge  of  the 
flange  are  subjected  to  both  longitudinal  tension  or  compression  and 
to  transverse  and  longitudinal  shear,  and  although  it  is  known  that 
these  combined  stresses  result  in  diagonal  tensile  (or  compressive) 
and  shearing  stresses  Avhich  are  greater  than  the  component  stresses 
producing  them,  these  diagonal  stresses  are  not  considered  in  the  de- 
sign of  the  girder.  The  view  has  been  held  that  the  diagonal  tensile 
or  compressive  stresses  do  not  materially  exceed  the  simple  longitudi- 
nal stress  at  the  outer  edge  of  the  flange,  and  that  the  diagonal  shear- 
ing stress  does  not  materially  exceed  the  shearing  stress  at  the  neutral 
axis. 
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It  has  been  shown  by  tests  that  a  tensile  (or  compressive)  stress 
produces  a  strain  in  a  direction  at  right  angles  to  the  the  line  of  ac- 
tion of  the  stress,  the  term  strain  being  here  used  to  designate  defor- 
mation and  not  stress  which  is  used  to  designate  an  internal  resisting 
force.  Recent  tests,  notably  those  of  Dr.  Becker,*  indicate  that  the 
tendency  of  a  material  to  fail  depends,  within  certain  limits,  upon  the 
strain,  and  that  a  stress  in  one  direction,  while  it  does  not  set  up 
lateral  stress,  does  set  up  lateral  strain,  and  affects  the  strength  of  the 
material.  An  analysis  of  diagonal  stresses  in  a  girder  shows  that,  in 
general,  a  load  which  sets  up  a  stress  in  a  diagonal  direction  sets  up 
a  second  stress  at  right  angles  to  that  direction.  Hence,  in  considering 
the  strength  of  a  girder  to  resist  a  diagonal  stress  any  stress  at  right 
angles  to  that  diagonal  stress  must  be  taken  into  account. 

The  tests  reported  in  this  bulletin  were  made  to  study  the  web 
strains  in  I-beams  and  girders  so  designed  that  the  primary  failure 
would  be  a  web  failure.  The  test  data  obtained  were  used  in  conjunc- 
tion with  a  mathematical  analysis  made  to  determine  the  importance 
of  the  diagonal  strains  and  the  methods  of  failure  of  girders. 

2.  Previous  Tests  of  tlie  Web  Strength  of  I-Beams  and  Girders. — 
Not  many  tests  of  I-beams  and  girders  in  which  the  primary  failure 
was  web  failure  have  been  made.  Table  1  (reprinted  from  bulletin  68 
of  the  Engineering  Experiment  Station  of  the  University  of  Illinois) 
gives  the  results  of  a  few  such  tests. 

3.  Acknowledgment. — This  Investigation  was  a  part  of  the  re- 
search work  of  the  Department  of  Theoretical  and  Applied  Mechanics 
and  of  the  Department  of  Civil  Engineering,  and  was  conducted  under 
the  general  supervision  of  Professor  A.  N.  Talbot,  of  the  De- 
partment of  Theoretical  and  Applied  Mechanics,  and  Professor  I.  0. 
Baker,  of  the  Department  of  Civil  Engineering.  Wherever  reference 
has  been  made  to  the  Avork  of  other  investigators,  credit  has  been  given 
in  the  text. 

II.     MATHEMATICAL  ANALYSIS  OF  STRESS  AND  STRAINS 
IN  WEB  MEMBERS. 

4.  Notation  and  Units. — The  following  notations  are  used: 

$=  tensile  or  compressive  stress  (lb.  per  sq.  in.)  ;  (various 
subscripts  are  used  to  denote  stresses  in  various  parts 
of  the  web). 
$8=shearing  stress  (lb.  per  sq.  in.)  ;  (shearing  stresses  in 
various  parts  of  the  web  are  denoted  by  S^,  Sj,  etc.). 
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P=  force    acting   upon   a    girder   or    any    small    element 
(pounds). 

<f>= angle  between  the  diagonal  plane  and  the  plane  of  one 
side  of  a  element  of  a  girder. 

E—  modulus  of  elasticity  in  tension  or  compression  (lb.  per 
sq.  in.). 

F—  modulus  of  elasticity  in  shear  (lb.  per  sq.  in.). 

e=  unit-strain  in  inches  per  inch  (an  abstract  number). 

M—  bending  moment  at  any  section  of  a  girder   (pound- 
inches). 

7=  moment  of   inertia  of  the   cross-section  of   a   girder 
(inches)4. 

c=  distance  from  the  neutral  axis  of  a  girder  to  the  outer 
fibers  (inches). 

V=  vertical  shear  at  any  section  of  a  girder  (pounds). 

t=  thickness  of  the  web  of  a  girder  (inches). 

(ai  ci)=" static  moment"  of  any  portion  of  the  cross-sectional 
area  of  a  girder  about  the  neutral  axis  (inches)3. 

(  —  J  =slenderness  ratio  for  the  web  of  a  girder  acting  as  a  long 
column  under  compression  (an  abstract  number). 

li=  clear  depth  of  web  of  girder  between  flanges  (inches). 

&  =  length  of  a  bearing  block  over  a  support  or  under  a  con- 
centrated load  (inches). 
Af=  deflection  of  a  girder  due  to  direct  flexure  (inches). 
A8=  deflection  of  a  girder  due  to  shear  (inches) . 

A=  deflection  of  a  girder  due  to  both  flexure  and  shear 
(inches). 

a=area  of  the  cross-section  of  a  girder  (square  inches). 

1=  length  of  span  of  a  girder  (inches) . 

l1=  distance  from  support  of  a  girder  to  nearest  concen- 
trated load  (inches). 

A=Poisson's  ratio,  the  factor  of  lateral  strain  (an  abstract 
number). 

Throughout  this  bulletin  the  term  strain  is  used  to  denote  the  de- 
formation caused  by  stress ;  it  is  not  used  as  a  synonym  for  stress. 
5.     Common  Formulas   of  Girder  Design.— The  tensile  or  com- 
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pressive  stress  in  the  outer  fibers  of  the  flanges  of  a  girder  is  denoted 
by  the  equation 

s=*L^ (i) 

in  which  S  is  the  stress  in  the  outer  fiber,  M  the  bending  moment,  I 
the  moment  of  inertia  of  the  cross  sectional  area  of  the  girder  and  c  the 
distance  from  the  neutral  axis  to  the  outer  fiber.  The  longitudinal  or 
the  transverse  shearing  stress  at  any  point  in  a  girder  is  given  by  the 
formula 

S.=jf(*t  cj   (2) 

in  which  Ss  is  the  shearing  stress,  V  the  total  shear  on  a  vertical  sec- 
tion through  the  point,  I  the  moment  of  inertia  of  the  cross-sectional 
area  of  the  girder,  t  the  thickness  of  the  beam  at  the  point  considered, 
ax  the  area  of  that  part  of  the  cross-section  between  the  point  and  the 
extreme  fiber,  and  c1  the  distance  from  the  center  of  gravity  of  the 
area  ax  to  the  neutral  axis  of  the  beam. 

For  I-beams  and  built-up  girders  it  is  customary  to  use  an  approxi- 
mate method  for  obtaining  the  shearing  stress  at  any  transverse  sec- 
tion of  the  web ;  the  total  shear  V  is  divided  by  the  cross-sectional 
area  of  the  web,  and  the  quotient  is  taken  as  the  shearing  stress. 

For  the  derivation  of  the  above  formulas  the  reader  is  referred  to 
any  standard  author  on  the  mechanics  of  materials,  such  as  Merriman, 
Boyd,  Murdock,  Slocum,  or  Morley. 

6.  Discussion  of  the  Theory  of  Web  Stress. — The  stresses  on  a 
transverse  section  of  a  beam  in  flexure  consist  of  shearing  stresses 
parallel  to  the  section  and  tensile  and  compressive  stresses  normal  to 
the  section.  The  stress  on  a  longitudinal  section  normal  to  the  force 
plane  consists  of  a  shearing  stress  parallel  to  the  section.  Fig.  1  (a) 
represents  a  small  element  of  a  beam  in  flexure.  Before  the  beam  was 
subjected  to  flexure  the  element  was  rectangular.  The  plane  ab,  nor- 
mal to  the  paper,  is  a  transverse  plane,  and  cb  is  a  longitudinal  plane 
normal  to  the  force  plane.  The  forces  acting  upon  the  element  will 
produce  a  stress  upon  the  oblique  plane  ac  which  makes  an  angle  <f> 
with  be.  This  stress  may  be  resolved  into  two  components,  one  parallel 
and  the  other  normal  to  ac.  The  relation  between  the  stresses  on  the 
diagonal  plane  and  the  stresses  on  the  faces  of  the  element  depends 
upon  the  value  of  4>.  Let  Fig.  1  (a)  represent  any  element  having  a 
length  dx,  a  width  dy,  and  a  thickness  normal  to  the  paper  equal  to 
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Fig.  1.     Stresses  Acting  on  an  Element  of  a  Girder 


unity.  The  normal  stress  per  unit  area  on  the  ends  of  the  element  is 
represented  by  S  and  the  shearing  stress  per  unit  area  on  the  sides  of 
the  element,  which  are  normal  to  the  paper,  is  represented  by  Ss.  The 
normal  stress  per  unit  area  on  the  oblique  plane  (see  Fig.  1  (b)  )  is 
represented  by  Sn  and  the  tangential  stress  is  represented  by  S\  It 
can  be  proven  that* 

Sre=i/2S  (1  -cos  2<f>)  -\-Ss  sin  2<£ (3) 

Ss=y2S  sin  2<£+£s  cos  2cj> (4) 

The  stresses  S„  and  S's  are  functions  of  <j>.  Their  maximum  values  are 
given  by  the  equations* 

Max  Sn=V2S  ±VS2S+  (V2Sy (5) 

Max  S;=V#+(%flf)s (6) 

It  should  be  noted  that  Max  Sn  and  Max  S's  are  not  in  the  same 
direction. 

The  stress  S  may  be  either  tension  or  compression.  When  S  is 
tension  the  plus  sign  before  the  radical  is  used  to  find  the  maximum 
tensile  unit  stress  S„,  and  the  minus  sign  before  the  radical,  to  find 
the  maximum  compressive  unit-stress  Sn.  The  latter  is  always  normal 
to  the  former. 

If  stresses  St  and  $2  at  right  angles  to  each  other  are  acting  on 
small  particles,  S±  causes  strain  at  right  angles  to  its  direction  and 

*Merriman,   ''Mechanics  of  Materials,"   10th  ed.,  p.   264. 
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thus  influences  the  total  strain  of  the  particle  in  the  direction  of  S2. 
If  $!  and  S2  are  both  tensions  or  both  compressions,  the  strain  in  the 
direction  of  either  stress  is  diminished  by  the  lateral  strain  due  to 
the  other  stress;  if  S1  is  a  tension  and  S2  a  compression  (or  vice  versa) 
the  strain  in  the  direction  of  either  stress  is  increased  by  the  lateral 
strain  due  to  the  other  stress.  Following  what  they  believe  to  be  the 
best  practice,  the  writers  use  the  term  stress  to  mean  an  internal  re- 
sisting force  set  up  by  the  action  of  external  forces.  A  stress  in  any 
direction  causes  a  lateral  strain  at  right  angles  to  that  direction,  but, 
accepting  the  above  definition  of  stress,  does  not  cause  a  lateral  stress. 
Whether  or  not  the  strain  at  right  angles  to  a  stress  influences 
the  strength  of  a  material  has  for  a  long  time  been  a  subject  of  dis- 
cussion among  students  of  the  mechanics  of  materials.  Three  theories 
of  the  strength  of  materials  under  combined  stresses  have  been  ad- 
vanced : 

(a)  The  strength  of  a  material  depends  only  on  the  normal 
stress.  If  this  theory  is  accepted,  the  transverse  strain  produced  by  a 
stress  does  not  affect  the  strength,  and  a  particle  under  the  action  of 
two  stresses  at  right  angles  to  each  other  is  just  as  near  failure  (and 
no  nearer)  as  it  would  be  under  the  action  of  the  greater  of  the  two 
stresses  acting  alone.    This  is  called  the  "maximum  stress  theory." 

(b)  The  strength  of  the  material  is  dependent  upon  the  strain. 
If  this  theory  is  accepted,  a  particle  under  the  action  of  stress  in  one 
direction  is  in  greater  danger  of  failure  than  it  would  be  under  the 
action  of  two  stresses  of  no  greater  magnitude,  alike  in  sign,  and  act- 
ing in  two  directions  at  right  angles  to  each  other.  This  is  known  as 
the  ' '  maximum  strain  theory. ' ' 

(c)  The  strength  of  the  material  depends  on  the  maximum  shear- 
ing stress  set  up  by  the  action  of  the  various  stresses.  This  is  known 
as  the  "maximum  shear  theory." 

The  latest,  and  in  some  respects  the  most  conclusive,  tests  which 
bear  on  this  subject  are  those  of  Becker  (University  of  Illinois  Engi- 
neering Experiment  Station,  Bulletin  No.  85).  Becker  studied  the  be- 
havior of  thin  tubes  in  which  axial  tension  or  compression  was  pro- 
duced by  means  of  a  testing  machine  and  transverse  tension  was  set 
up  by  means  of  internal  water  pressure.  He  found  that  for  steel  the 
second  theory,  the  maximum  strain  theory,  held  unless  the  maximum 
shearing  stress  developed  was  greater  than  about  0.60  of  the  tensile 
or  compressive  stress.  Within  certain  limits  the  strength  of  the  ma- 
terial seems  to  depend  on  the  strain,  and  beyond  those  limits  it  seems 
to  depend  on  the  shearing  stress. 
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For  expressing  the  value  of  a  strain  in  this  bulletin,  the  numerical 
value  of  Ee  (the  product  of  the  unit  strain  and  the  modulus  of  elas- 
ticity, 30,000,000  lb.  per  sq.  in.  for  steel)  is  given  instead  of  the 
numerical  value  of  the  strain.  Thus,  in  speaking  of  the  safe  working 
strain  for  a  bar  in  tension,  instead  of  saying  that  the  safe  unit  strain 
is  0.000533  inches  per  inch  length,  the  writers  have  used  the  expres- 
sion, the  strain  corresponding  to  a  value  of  Ee  of  16,000  lb.  per  sq.  in. 
or,  more  briefly,  the  Ee  value  of  16,000  lb.  per  sq.  in.  It  is  thought 
that  this  method  of  expressing  the  strain  enables  the  engineer,  who  is 
not  in  the  habit  of  thinking  in  terms  of  strain,  to  compare  more  easily 
the  combined  strains  in  girders  with  the  strains  resulting  from  the 
simple  stresses  with  which  he  is  familiar.  Ee  is  not  a  stress,  but  a 
simple  stress  in  one  direction  only  with  a  magnitude  equal  to  Ee 
would  produce  the  same  structural  damage  to  the  material  as  is  pro- 
duced when  the  strain  e  occurs. 

In  the  following  equation  S1  and  S2  are  two  stresses  at  right  angles 
to  each  other*  and  A  is  Poisson's  ratio 

Ee=S—\  S2 (7) 

Ee2=S—\  St   (8) 

If  a  stress  is  compression  it  is  to  be  taken  as  negative ;  if  the  strain 
is  positive  it  is  an  elongation ;  if  negative,  a  contraction.  The  stresses 
$x  and  S2  produce  shearing  stresses  along  planes  oblique  to  their  lines 
of  action,  and  it  can  be  proven  that  the  maximum  shearing  stress  ^ 
set  up  by  the  two  stresses  is  given  by  the  equation,  f 

s:=y2(s-s2)  (9) 

III.    Tests 

7.  Specimens. — The  specimens  of  the  series  of  tests  reported  in 
this  bulletin  (1914  series)  comprised  six  12-inch  I-beams  and  two  21- 
inch  built-up  girders.  The  webs  of  the  I-beams  were  planed  thin  and 
the  webs  of  the  girders  were  made  of  thin  plates.  The  webs  in  all  of 
these  test  specimens  were  thinner  than  those  used  in  standard  prac- 
tice. Had  standard  practice  been  followed,  the  webs  would  have  been 
so  strong  in  comparison  with  the  flanges  that  the  primary  failure 
would  probably  not  have  been  a  web  failure,  but  a  failure  due  to  some 
other  cause,  such  as  direct  flexure  or  sidewise  buckling  of  the  com- 
pression flange.     To  investigate  the  web  strength  of  beams  it  was 


*Lanza,  "Applied  Mechanics,"  pp.  868-869. 

fMerriman,   "Mechanics  of  Materials,"    10th  ed.,  p.  363. 
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necessary  to  use  specimens  in  which  web  failure  would  be  the  primary 
failure.    Hence,  thin-webbed  specimens  were  used. 


ozzi 


0.191 


0.188" '  ' 


Fig.  2.     I-Beams  1,  2,  and  4  Showing  Location  of  Gage  Lines  (w  Denotes  an 

oxt-acetylene  weld) 


Fig.  2  and  3  show  the  shape  and  size  of  the  I-beam  specimens. 
Beams  1  and  5  had  no  stiff eners ;  beams  2  and  6  had  flat  stiff eners  on 
the  web  adjacent  to  the  bearing  blocks.  Flats  were  used  instead  of 
angles  so  that  there  would  be  very  little  resistance  to  the  buckling  of 
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Fig.  3.     T-Beams  5,  6,  and  7  Showing  Location  of  Gage  Lines  (w  Denotes  an 

oxy- acetylene  weld) 


the  web.  The  flats  were  welded  to  the  flanges'  to  insure  a  good  bear- 
ing. For  beams  4  and  7  there  were  flat-stiffeners  at  the  bearing 
blocks  and  angle  stiffeners  between  bearing  blocks.  Fig.  4  and  5  show 
the  built-up  girders.  Girder  8  had  angle-stiffeners  at  the  bearing 
blocks  and  at  intermediate  points ;  girder  3  had  angle-stiffeners  at  the 
bearing  blocks  only. 
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For  the  purpose  of  determining  the  quality  of  the  material  in  the 
beams,  test  pieces  were  cut  from  some  portion  of  each  beam  which  had 
not  been  under  heavy  stress  during  the  test.  For  the  I-beams  the  speci- 
mens were  cut  from  the  portion  overhanging  the  end  bearing.  Tension 
specimens  were  cut  from  the  webs,  from  the  flanges,  and  from  the 
points  at  which  the  webs  join  the  flanges.  Shear  specimens  were  cut 
from  the  webs.  For  the  girders  these  specimens  were  cut  from  the  cen- 
tral portion  of  the  webs  where  the  shear  was  zero.  A  typical  tension 
specimen  is  shown  in  Fig.  6  and  a  typical  shear  specimen  in  Fig.  7. 
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Fig.  6.     Form  of  Texsiox  Specimex  Cut  from  Girder 


Fig.  7.     Form  of  Shear  Specimex  Cut  from  Web  of  Girder 
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The  form  of  the  shear  specimen  was  suggested  by  Mr.  Malcolm  Wes- 
tergaard.  When  axial  pull  is  applied  to  the  shear  specimen  along  the 
line  AB  (Fig.  7)  shear  occurs  along  the  line  CD. 

8.     Apparatus. — Beam  1  was  tested  in  a  200,000-lb.   Olsen  ver- 
tical-screw testing  machine.    The  other  tests  were  made  in  a  600,000- 


Fig.  8.     Girder  in  Testing  Machine  in  Position  for  Testing 


lb.  Riehle  vertical-screw  testing  machine.  In  all  tests,  loads  were  ap- 
plied at  two  points  equidistant  from  the  center  of  the  span.  Fig.  8 
shows  a  specimen  in  the  testing  machine. 

Strains  were  measured  by  means  of  Berry  strain  gages.  The  loca- 
tions of  the  gage  lines  for  the  different  strain  measurements  are  shown 
in  Fig.  2,  3,  and  4.  Each  gage  line  is  denoted  by  two  small  circles, 
one  for  each  end  of  the  line,  joined  by  a  straight  line.  The  gage 
lengths  used  were  two  inches  and  four  inches,  and,  as  Fig.  2,  3,  and  4, 
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are  reproduced  to  scale,  the  length  of  any  gage  line  is  apparent.  Each 
gage  line  was  given  an  identifying  number  as  shown  in  the  figures. 
For  each  gage  line  on  one  side  of  the  specimen  there  was  a  mating 
line  directly  opposite  on  the  specimen.  The  lines  for  the  opposite 
sides  of  the  specimen  were  distinguished  by  the  letters  E  or  W,  N  or  S, 
following  the  line  number. 

The  deflections  of  beams  3,  4,  5,  6,  7,  and  8,  were  measured  at  the 
middle  of  the  span.  Several  forms  of  deflectometer  were  used,  the 
most  convenient  being  the  level  bar  shown  in  Fig.  9.     The  point  A  of 


Fig.  9.     Levkl  Bar  for  Measuring  Deflection  of  Girder.  (The  point  A  can  be 

SCREWED   INTO   VARIOUS   HOLES    ALONG  THE  BAR   FOR   DIFFERENT 
LENGTHS   OF   SPAN) 

the  instrument  is  set  on  the  beam  over  the  end  bearing,  and  the  point 
B,  which  is  at  the  end  of  a  micrometer  screw  31,  is  set  at  mid-span. 
With  zero  load  on  the  beam  the  micrometer  screw  is  adjusted,  raising 
or  lowering  the  point  B,  until  the  level  bubble  L  is  in  mid-position. 
With  any  load  on  the  beam  the  same  process  is  repeated,  and  the  dif- 
ference between  this  micrometer  reading  and  the  reading  for  zero 
load  gives  the  deflection  at  mid-span.  The  point  A  is  placed  in  a 
prick-punch  hole,  and  the  point  B  in  a  cold-chisel  mark  made  along 
the  flange  of  the  beam.  The  sensitiveness  of  the  level  bubble  was  such 
that  twenty  seconds  change  of  angle  from  the  horizontal  caused  the 
bubble  to  move  one  division  of  its  scale.* 

9.  Data  and  Results. — Readings  of  the  strain  gages  and  readings 
of  the  deflectometer  wrere  taken  for  various  loads  up  to  the  ultimate. 
The  strain  gage  readings  were  corrected  for  variation  of  temperature 
by  means  of  an  unstressed  standard  bar.f     The  value  of  Ee  along 

*Since  these  tests  were  made  a  later  form  of  level  bar  has  been  constructed  in  the 
shops  of  the  Laboratory  of  Applied  Mechanics.  In;  this  new  level  bar,  designed  by  Mr. 
H.  R.  Thomas,  the  screw  micrometer  shown  in  Fig.  9  has  been  replaced  by  a  leveling  screw 
v.hidi  actuates  the  plunger  of  a  direct  reading  dial  gage  micrometer.  This  later  form  of 
level   bar  is   much   quicker   in   operation   than   the   earlier   form. 

•  For  detailed  discussion  of  the  use  of  the  strain  gage  see:  Proceedings  of  the  Ameri- 
can Society  for  Testing  Materials,  1913,  Slater  and  Moore  on  "The  Use  of  the  Strain 
Gage  in  Testing  Materials";  also,  Bulletin  No.  64  of  the  Engineering  Experiment  Station 
of  the  University  of  Illinois,  "Tests  of  Reinforced  Concrete  Buildings  under  Load,'"  by 
Talbot    and    Slat<  r. 
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each  gage  line  Avas  determined  from  the  strain  gage  readings  assum- 
ing a  modulus  of  elasticity  of  30,000,000  lb.  per  sq.  in.  Curves  were 
plotted  for  each  beam  with  values  of  applied  loads  as  ordinates  and 
values  of  Ee  along  the  gage  lines,  determined  from  the  strain  page 
readings,  as  abscissas.  These  curves  are  given  in  Fig.  14-22.  The  load 
at  failure  for  each  beam  is  given  in  Table  2.  Fig.  10,  11,  and  12  are 
reproduced  from  photographs  of  the  beams  after  failure. 


Fig.  10.     I-Beam  1  after  Failure 


Fig.  11.     Girder  3  after  Failure 
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Fig.  12.     Girder  8  after  Failure 

The  local  yielding  of  the  built-up  girders  is  shown  in  Fig.  11  and 
12.  During  the  progress  of  the  tests  local  yielding  was  made  evident 
by  the  flaking  of  the  mill  scale  and  the  paint  on  the  specimen. 

During  a  test  three  stages  of  structural  failure  were  noted:  (1) 
Local  overstress,  shown  by  flaking  of  paint  and  high  local  strain  gage 
readings.  (2)  Signs  of  general  yielding  of  the  girder  as  a  whole.  (3) 
Final  collapse  under  the  ultimate  load. 

10.  Determination  of  the  Yield  Point  of  Girders. — The  Avritcrs 
believe  that  the  second  stage  of  failure,  as  given  in  the  preceding  para- 
graph, gives  the  best  indication  of  the  limit  of  load-carrying  capacity 
of  girders  for  static  loads.  The  term  "yield  point  of  the  girder"  is 
used  to  designate  this  stage  of  general  yielding.  The  general  yielding 
of  an  I-beam  or  girder  is  shown  by  the  "knee"  of  the  load-deflection 
curve,  and  an  examination  of  the  load-deflection  curves  shown  in  Fig. 
16-22  shows  that  the  departure  of  a  curve  from  a  straight  line  is  fairly 
well  marked.  In  determining  the  yield  point  of  a  girder  from  the  load- 
deflection  curve  the  method  of  J.  B.  Johnson  was  used.*    The  yield 


Table  2. 
Failure  of  Girders  (1915  Tests) 


Girder 
Number 

Load       at       Yield 

Point   of   Girder, 

pounds. 

Load  at  Ultimate, 
pounds. 

Manner  of  Failure. 

1 

2 
3 
4 
5 

6 
7 
8 

89.500 

85,500 

101,500 

73.500 

82.000 

86.500 

82.000 

112.500 

96.700            'Local    compression     over    bearing    block     fol- 
lowed by   twist  of   web. 

138,000             Wrinkling  of  web  due  to  diagonal  compression. 

188,000            Wrinkling  of  web  due  to  diagonal  compression. 

141,500            [Wrinkling  of  web  due  to  diagonal  compression. 

104,500             Local    compression    over    bearing    block     fol- 
lowed   by    twist    of    web. 

120.500            Wrinkling  of  web  due  to  diagonal  compression. 

144.000            Wrinkling  of  web  due  to  diagonal  compression. 

220.800           IWrinkling  of  web  due  to  diagonal  compression. 

•  I  B.  Johnson's  method  consists  i"  finding,  by  means  of  drawing  a  tangent  line, 
the  point  on  any  stress-strain  curve  (or  load-deflection  curve)  at  which  the  strain  is  in- 
creasing 50  per"  cent  more  rapidly  than  its  initial  rate  of  increase.  See.  J.  B.  Johnson, 
"The    Materials   of   Construction,"    pp.    18-20. 
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point  obtained  from  the  load-defieetion  curve  does  not  differ  greatly 
from  a  yield  point  obtained  from  a  curve  showing  the  average  web- 
strains  at  mid-web.  The  yield  point  for  those  girders  for  which  no 
deflection  was  measured  was  determined  from  the  average  web-strain 
(along  a  45-degree  gage  line)  at  mid- web.  The  yield  point  of  the  gir- 
der occurs  under  loads  greater  than  those  causing  the  first  evidence 
of  local  structural  distress  (shown  by  scaling  of  paint  or  excessive 
strain  along  individual  gage  lines)  and  at  loads  less  than  the  ultimate. 
The  yield  point  seems  to  be  a  fairly  reliable  criterion  of  the  beginning 
of  serious  structural  damage  to  the  girder  as  a  whole.  The  loads  at 
the  yield  points,  the  ultimate  loads,  and  the  manner  of  failure  are 
given  in  Table  2. 

IV.    Discussion  of  Kesults. 

11.  Relation  betiveen  the  Actual  and  the  Theoretical  Strains. — 
Equation  (7)  gives  the  theoretical  value  of  En  for  any  gage  line  in  a 
girder.  In  this  equation  Sx  is  the  computed  unit  stress:  along  a  gage 
line,  and  S2  the  computed  unit  stress  normal  to  the  gage  line  and  in 
the  plane  of  the  web.  The  values  of  Sx  and  S2  can  be  determined 
from  equation  (3). 

To  illustrate  the  use  of  these  equations  consider  gage  line  19  of 
girder  3  (see  Fig.  4  and  16).  A  total  load  of  1,000  lb.  on  the  girder 
will  produce  on  the  transverse  section  at  the  middle  of  gage  line  19, 
a  compressive  stress  S  of  70.7  lb.  per  sq.  in.  as  computed  by  equation 
(1),  and  a  shearing  stress  Ss  of  153.4  lb.  per  sq.  in.  as  computed  by 
equation  (2).  c£=  -  45  degrees.  Substituting  these  qualities  in  equa- 
tion (3)  gives 

S1=y2  (-70.7)   [l-cos( -90°)  ]+153.4  sin  (-90°)  = 
-188.75  lb.  per  sq.  in. 

This  is  compression  along  gage  line  19.  S2,  the  stress  at  right 
angles  to  S1}  is  also  given  by  equation  (3).  S  and  Ss  are  the  same  as 
for  S1}  and  </>=+45°.  Substituting  these  values  in  equation  (3)  gives 
&2=i/2(-70.7)  (1-cos  90°)  +153.4  sin  90°=  118.05  lb.  per  sq.  in. 
This  is  tension  normal  to  gage  line  19. 

A  (Poisson's  ratio)  for  steel  is  about  !/3.  Substituting  values  of 
SL,  S.2,  and  A  in  equation  (7)  gives 

Ee=  -188.75-V3(  118.05)=  -228.10  lb.  per  sq,  in.  for  1,000  lb.  load 
on  the  girder. 

This  is  slightly  less  than  the  value  given  by  the  average  of  the 
strain  gage  readings  on  the  two  sides  of  the  web  at  gage  line  19,  as 
shown  in  Fig.  16. 
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A  comparison  of  the  strains  as  computed  by  the  above  method 
with  the  strains  measured  by  the  use  of  the  strain  gage  may  be  made 
by  means  of  the  diagrams  shown  in  Fig.  14-22.  In  these  diagrams  the 
full  lines  represent  values  of  Ee.  corresponding  to  the  strain  as  deter- 
mined from  the  readings  of  the  strain  gage  on  the  two  sides  of  the 
girder  and  the  dot  and  dash  lines  give  the  values  of  Et  as  calculated 
by  the  formulas  given  in  the  preceding  pages. 

Comparison  of  measured  strain  with  computed  strain  was  made 
on  163  gage  lines  for  the  eight  test  pieces.  Of  these  163  gage  lines,  40 
were  near  bearing  blocks  where  local  compression  materially  modified 
the  strains.  For  107  of  the  remaining  123  gage  lines  the  measured 
strain  and  the  computed  strain  agreed  closely,  and  for  most  of  the 
other  gage  lines  there  were  evidences  of  local  bending  action  which 
might  explain  the  discrepancy.  The  good  general  agreement  between 
measured  strain  and  computed  strain  furnishes  an  experimental  con- 
firmation of  the  theory  on  which  the  computation  is  based.  This  theory 
is  therefore  used  as  the  basis  of  the  computation  of  the  maximum 
strains,  and  the  shearing  stresses  in  the  girder  Avebs. 

12.  Maximum  Shearing  Stress  in  the  Web. — The  longitudinal  and 
transverse  shearing  stresses  in  the  web  of  a  girder  are  a  maximum  at 
the  neutral  axis  at  which  the  tensile  and  compressive  stresses  are  zero. 
Equation  (6)  shows  that  it  may  be  possible  to  have  a  diagonal  shear- 
ing stress  greater  than  the  longitudinal  and  transverse  shearing  stress 
at  the  neutral  axis.  The  longitudinal  and  transverse  shearing  stresses 
vary  inversely  as  the  thickness  of  the  girder;  hence  they  are  much 
smaller  in  the  flange  than  in  the  web  adjacent  to  the  flange.  The  ten- 
sile and  compressive  stresses  vary  directly  as  the  distance  from  the 
neutral  axis.  Therefore,  in  the  case  of  the  girders  under  considera- 
tion, the  maximum  diagonal  shearing  stress  is  either  at  the  neutral 
axis  or  at  the  inner  edge  of  the  flange  and  under  a  load.  The  maxi- 
mum diagonal  shearing  stress  can  be  determined  by  the  use  of  equation 
(6).  The  shearing  stresses  in  girders  1  to  8,  calculated  by  the  above 
methods,  are  given  in  Table  3. 

In  all  I-beams,  except  No.  1  and  No.  5,  there  are  stiff eners  under 
the  loads.  The  stresses  given  in  Table  3  are  at  the  outer  edges  of 
these  stiffeners.  The  moment  is  slightly  greater  immediately  under 
the  load,  but  the  stiffener  helps  the  web  to  resist  the  shear  at  this  point. 
The  quantities  used  in  the  calculation  of  the  maximum  shearing 
stresses  are  also  given  in  Table  3 ;  the  longitudinal  tensile  or  compres- 
sive stress  in  the  web  at  the  inner  edge  of  the  flange  is  given  in  Col- 
umn 2 ;  the  longitudinal  and  transverse  shearing  stresses  at  the  same 


24 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 


cs 
w 

Q 
K 

6 

fa 
O 

GO 

ffl 
fa 


a  g 


PQ 

- 

< 

fa 

a 

r-1 

v. 

7 

w 

u 

K 

H 

u 

X 

as 

o 

fe 

K 

<1 

UJ 

fa 

;_ 

a 

<! 

rjj 

a  — 

■"wCC 

-1--1-        H-H-4-^ 

oooooooo 

°      *  <n         CT 

oooooooo 

(v^x:  o          <*> 

T(lOt-*HHt-H 

^  0  a*               — - 

■«  ©     "S  a 

■^tOiOiOiOXJCOCO 

NNNMNNNN 

~Z  e£  a 

W-^  .' 

C  cS.tj 

">.?.- 

&*~    „ 

OOOOOOOO 

OOOOOOOO 

a-s5     £ 

aotoeoo-a'O^m 

0         C3 

NMMCi)NNMM 

e|a 

*  "-5  £ 

^ajp-tf 

9«i 

IS** 

l£ 

OOOOOOOO 

C--             to 

OOOOOOOO 

OclCOCOCC^O'-H 

3,H 

NOlOt-OOOlffiOO 

NNHHrlrtHH 

a  «2  • 

M  **  ®  fe 

|m£-o 

aSS 

-Jia; 

02« 

„        <9 

*        *   *   *  * 

03  ©  M  ++*—> 

»(OQ0OtJItJ<(N00 

C  «  iohiO 

ocoio-^tNCNccm 

nWHNNMNH 

© 

OEh.S  i 

•- 

*.S 

** 

IS 

c 

M  g 

o 

.2  *- 

■a 

as 

Q£       ^. 

*        *        *            * 

CO  O  .H  ■<*  tJI  O  to  >-l 

a  c 

73"- 

■«j>  co  to  co  ci  >-<  n  to 

J 

C4f)HNMMNH 

OQ 

S  03  „a 

-a 

c 
o 

o 
o 

"2  ^a 

03   ©          0) 

o 

.fl        M 

X    c  G 

o 

is  03 

NMHtDOOOOH 

a  i-  -re.,  « 

t~Otf}O0lCSOlLO 

at 

GO 

2  ©03*;  w 

"-ICNiHtNiHr-lrHrH 

o 

02 

•-a      M 

it  03  tx« 

SH-2s 
j 

co««  a 

<o  O  o 

*"  ©  w  c 

g  bo  a  o 

e=                   e= 

03       ' — '  ©  ^v 

mo5ooO<ot-oioo 

T3  2        ~ 

lOHONWHHO 

BlSHNNNtlH 

a  a  ©  s 

iatjo 

■aMg° 

O  o3fe  o 

J 

^ 

r-l  N  CO  ""l1  "5  (O  t- 00 

2   ° 


■a 

A 

MfH 

© 

A 

s 

UL 

a 

^ 

> 

£> 

* 

a 

0 

© 

A 

^ 

0 

IS  - 

© 

c 

<B 

OJ 

>>ri 

.=  5 

c 

a 

ED 

©O 

C 

CO 

o-" 

c 

fl 

m* 

c 

3 

«  « 

o 

£ 

5  n 

cc 

x 

^2 

Oj 

s 

HOM 

* 

••-++ 

6S* 

STRENGTH  1)1'   W'KBS  OF   I-I1KAMS   AND  GIRDKKK  25 

point  arc  given  in  Column  3;  the  maximum  shearing  stresses  in  the 
web  at  the  inner  edge  of  the  flange  in  Column  4;  and  the  shearing 
stresses  at  the  neutral  axis  are  given  in  Column  5.  The  maximum 
shearing  stress  in  the  web,  the  greater  of  the  quantities  in  Columns 
4  and  5,  is  indicated  by  an  asterisk.  All  of  the  above  stresses  are  given 
in  lb.  per  sq.  in.  per  1000-lb.  load  on  the  girders.  The  maximum 
shearing  stresses  in  the  web  when  the  beam  is  loaded  to  the  yield 
point  are  given  in  Column  6. 

A  comparison  of  Columns  3  and  4  of  Table  3  shows  that,  except  for 
I-beam  1,  the  diagonal  shearing  stress  in  the  web  at  its  junction  with 
the  flange  is  not  materially  greater  than  the  longitudinal  and  trans- 
verse shearing  stress  at  the  neutral  axis.  In  the  case  of  I-beam  1  the 
high  diagonal  shearing  stress  is  due  to  the  fact  that  the  longitudinal 
tensile  (or  compressive)  stress  at  the  point  at  which  the  flange  joins  the 
web  is  much  greater  than  the  transverse  and  longitudinal  shearing 
stress  at  the  same  point. 

To  illustrate  the  possible  importance  of  diagonal  shearing  stresses 
consider  the  following  numerical  example.  A  girder  is  supported 
upon  end  supports  70  ft.  apart.  It  carries  two  concentrated  loads  of 
450,000  lb.  each,  one  located  9  ft.  8  in,  from  each  end  support.  The 
girder  is  made  up  of  one  web  plate  90  in.  x  y2  in.,  and  (for  each  flange) 
two  G  in.  x  6  in.  x  %  in.  angles,  and  two  cover  plates  14  in.  x  %  in. 

Neglecting  the  weight  of  the  girder,  the  shear  is  constant  between 
a  load  and  the  adjacent  support,  and  is  equal  to  450,000  lb.  The 
maximum  bending  moment  occurs  under  a  load  and  is  equal  to 
450,000  x  116=52.200,000  pound-inches. 

The  web  area  equals  90X0.5  or  45  sq.  in.  and  the  average  shearing 
stress  as  usually  figured  is  10,000  lb.  per  sq.  in.  The  moment  of  in- 
ertia of  the  net  section  is  153,100  (in.)4  and  the  distance  from  the 
neutral  axis  to  the  outer  edge  of  the  flange  is  46.75  in.  The  longitu- 
dinal stress  in  the  outer  fiber,  as  given  by  equation  (1),  is,  therefore, 
15,930  lb.  sq.  in. 

The  maximum  diagonal  stress  occurs  at  the  point  at  which  the 
flange  is  connected  to  the  web.  For  shear  consider  this  point  to  be 
on  the  center  Line  of  the  inner  row  of  rivets,  a  distance  of  45.25  -  4.75  = 
40.50  in.  from  the  neutral  axis.  The  longitudinal  stress  varies  di- 
rectly as  the  distance  from  the  neutral  axis  and  at  the  point  in  ques- 
tion is  equal  to  13,800  lb.  per  sq.  in.  <  ionsider  the  shear  at  the  neutral 
axis  on  a  transverse  section  under  a  load.  The  unit  shearing  stress  at 
any  point  is  given  by  equation  (2).  For  the  girder  consider, 
7=450,000  lb.,  7=183,200  (in.)4,  t=y2  in.,  and  ^,=2,204  (in.)3  for 
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the  gross  area.  Then  from  equation  (2)  Ss  equals  10,800  lb.  per  sq.  in. 
Consider  next  the  shear  on  the  same  transverse  section  on  the  gage 
line  of  the  angles,  a  distance  of  40.50  in.  from  the  neutral  axis.  For 
this  point  the  value  of  a1c1  is  1,794  (in.)3,  and  V,  I,  and  t  have  the 
same  values  as  in  the  previous  case.    Ss  equals  8,800  lb.  per  sq.  in. 

The  maximum  diagonal  shearing  stress  at  the  edge  of  the  angles, 
Ss,  given  by  equation  (6),  is  11,200  lb.  per  sq.  in.  This  value  is  400 
lb.  per  sq.  in.  or  3.7  per  cent  greater  than  the  value  of  the  shearing 
stress  at  the  neutral  axis  (10,800  lb.  per  sq.  in.). 

In  this  girder  the  longitudinal  tensile  and  compressive  stresses 
are  as  high  at  a  section  at  which  maximum  shear  occurs  as  good  prac- 
tice will  permit,  and  therefore  the  excess  of  the  diagonal  shearing 
stress  at  the  inner  edge  of  the  flange  over  the  transverse  and  longitu- 
dinal shearing  stress  at  the  neutral  axis  should,  if  ever,  be  of  im- 
portance. Since  this  difference  is  only  3.7  per  cent  it  would  seem  that 
the  excess  of  diagonal  shearing  stress  over  shearing  stress  at  the 
neutral  axis  is  not,  in  general,  of  much  importance.  It  is  true  that  if 
the  shearing  stresses  had  been  low  at  the  inner  edge  of  the  flange 
while  the  longitudinal  tensile  and  compressive  stresses  had  been  high, 
the  diagonal  shearing  stress  might  have  been  materially  greater  than 
the  shearing  stress  at  the  neutral  axis.  But  the  very  supposition  on 
which  this  condition  is  based ;  namely,  that  the  shearing  stresses  should 
be  low,  makes  it  certain  that  they  will  not  be  the  criterion  of  strength 
of  the  girder,  and  that  the  difference  between  the  two  low  shearing 
stresses  will  be  of  no  importance. 

The  shearing  stress  at  the  neutral  axis,  as  computed  by  equation 
(2)  is  10,800  lb.  per  sq.  in.;  whereas  the  value  obtained  by  dividing 
the  total  shear  by  the  gross  area  of  the  web  (the  method  usually  used 
in  girder  design)  is  10,000  lb.  per  sq.  in.  The  excess  of  the  former 
value  over  the  latter  is  about  8  per  cent.  For  the  I-beams  and  built- 
up  girders  tested  the  difference  between  the  values  obtained  by  the 
two  methods  of  calculation  is  also  about  8  per  cent.  The  relation  be- 
tween the  transverse  and  longitudinal  shearing  stress  at  the  neutral 
axis,  as  obtained  by  equation  (2),  and  the  approximate  value  obtained 
by  dividing  the  total  shear  upon  a  section  by  the  area  of  the  cross- 
section  of  the  web  depends  upon  the  relation  between  the  area  of  the 
cross-section  of  the  web  and  the  area  of  the  cross-section  of  the  flange. 
In  the  example  given  above,  in  which  the  area  of  cross-section  of  the 
web  is  not  large  compared  with  the  area  of  cross-section  of  the  flange, 
equation  (2)  gives  values  for  the  shearing  stress  about  8  per  cent 
higher  than  those  obtained  by  approximate  method.    Calculations  for 
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girders,  in  which  the  area  of  the  web  is  large  compared  Avith  the  flange 
area,  show  that  the  difference  between  the  sharing  stresses  as  computed 
by  the  two  methods  may  be  as  great  as  20  per  cent.  Therefore,  in 
the  design  of  a  girder,  if  the  value  obtained  by  dividing  the  total 
shear  by  the  area  of  cross-section  of  web  is  more  than  80  per  cent  of 
the  allowable  stress  for  the  material  in  shear,  a  check  computation  of 
the  shearing  stress  should  be  made,  using  the  more  exact  formula, 
equation  (2).  The  computing  of  the  diagonal  shearing  stresses  at  the 
inner  edge  of  the  flange  seems  unnecessary. 

13.  Maximum  Tensile  and  Compressive  Strains  in  the  Web. — The 
longitudinal  tensile  and  compressive  stresses  increase  with  the  longi- 
tudinal distance  of  a  point  from  the  support  and  vary  as  the  trans- 
verse distance  from  the  neutral  axis  of  the  girder.  The  longitudinal 
and  transverse  shearing  stresses  decrease  as  the  distance  from  the 
neutral  axis  increases,  but  they  are  nearly  as  great  at  the  point  at 
which  the  flange  joins  the  web  as  at  the  neutral  axis.  However,  after 
this  point  is  passed  the  decrease  is  very  rapid.  The  maximum  diag- 
onal tensile  and  compressive  stresses  depend  upon  the  shearing  stress 
and  upon  the  longitudinal  tensile  (or  compressive)  stress.  In  the  case 
of  the  beams  under  consideration  the  maximum  tensile  and  compres- 
sive diagonal  stresses  occur  at  the  inner  edges  of  the  flanges,  under  the 
load  point  for  beams  which  have  no  stiffeners,  and  at  the  outer  edge  of 
the  middle  stiffeners  for  beams  which  have  stiffeners. 

The  maximum  diagonal  tensile  or  compressive  stress  is  given  by 
equation  (5).  The  values  of  S  and  Ss  to  be  used  in  this  equation  for 
a  load  of  1,000  lb.  on  the  girder  are  given  in  Columns  2  and  3  of 
Table  4.  A  diagonal  tensile  or  compressive  stress  at  a  given  point  in 
the  wreb  in  one  direction  is  accompanied  by  a  second  diagonal  stress 
at  the  same  point  normal  to  the  first.  If  the  first  is  the  maximum 
diagonal  stress,  the  second  is  the  minimum.  If  the  longitudinal  stress 
is  tension,  the  maximum  diagonal  stress  is  given  by  equation  (5)  if 
the  upper  or  plus  sign  is  used,  and  the  minimum  diagonal  stress  is 
given  when  the  lower  or  minus  sign  is  used.  In  considering  the 
strength  of  the  web  it  is  necessary  to  get  the  value  of  Ee  corresponding 
to  the  maximum  strain.  The  value  of  Ee  is  given  in  equation  (7). 
Substituting  in  equation  (7)  the  values  of  the  maximum  and  the  mini- 
mum diagonal  stress  for  Sx  and  S2,  as  given  by  equation  (5)  there 
is  obtained 


/  Q 

Ee~  (1_A)  +  (1+A)    VS;+(-V) (10) 
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The  values  of  Ee  corresponding  to  ;i  load  of  1,000  lb.  on  the 
girder  are  given  in  Column  4  of  Table  4.  The  values  of  Ee  at  the 
yield  point  of  the  girders  are  given  in  Column  5  of  Table  4,  and  are 
repeated  in  Column  3  of  Table  5.     The  longitudinal  stresses  at  the 

Table  5. 

Comparison  of  Longitudinal  Stresses  in  Extreme  Fiber  With 
Maximum  Values  of  Ee  for  Girders 


Longitudinal  Stress  in  outer 

Maximum  Value  of  Ee  along 

No. 

Fiber  of  Girder  at  Yield 

a  Diagonal  at  Yield  Point 

Ratio    of 

Ee  along    a    Diag- 

of 
Test 

Point    of    Girder* 

of  Girder 

onal 

o   Longitudinal 
Stress 

lb.  per  sq.   in. 

lb.   per  sq.   in. 

1 

36.100 

40.000 

1.11 

2 

21.400 

32,500 

1.52 

3 

15.800 

24.600 

1.56 

4 

18,400 

28.300 

1.53 

5 

22,200 

30,800 

1.39 

6 

21,400 

31,400 

1.46 

7 

20.600 

30,700 

1.49 

8 

17,500 

27,000 

1.54 

*Computed  by  the  commonly   used  flexure   formula,   Equation    (1). 

outer  edges  of  the  flanges  are  given  in  Column  2  of  Table  5.  Since 
the  transverse  stress  at  the  outer  edge  of  the  flange  is  zero,  the  values 
in  Column  2  of  Table  5  represent  also  values  of  Ee  for  the  outer 
fibers  of  the  flanges,  and  since  the  values  in  Column  2  are  for  the 
same  transverse  section  of  the  girder  as  those  in  Column  3,  a  direct 
comparison  of  the  values  of  the  two  columns  can  be  made.  The  ra- 
tios of  the  values  in  Column  3  to  those  in  Column  2  are  given  in  Col- 
umn 4  of  Table  5.  An  examination  of  these  ratios  shows  that  the 
maximum  value  of  Ee  along  a  diagonal  in  girder  1  is  only  slightly 
greater  than  the  maximum  longitudinal  stress  at  the  outer  edge  of  the 
flange,  but  that  for  the  other  girders  the  values  of  Ee  are  much  greater 
than  the  longitudinal  stress  at  the  outer  edge  of  the  flange.  An  ex- 
amination of  equation  (5)  shows  that  the  relation  between  the  two 
quantities  depends  on  the  relation  between  the  transverse  shearing 
stress  and  the  longitudinal  stress.  This  fact  is  apparent  from  Table 
5  also,  which  shows  that  the  values  of  Ee  along  a  diagonal  are  not  much 
greater  numerically  than  the  longitudinal  stresses  for  cases  in  which 
the  shearing  stress  is  low  compared  to  the  longitudinal  stress,  but 
that  for  cases  in  which  the  shearing  stress  is  high  compared  with  the 
longitudinal  stress  the  values  of  Ee  along  a  diagonal  are  decidedly 
higher  than  the  longitudinal  stress  at  the  outer  edge  of  the  flange. 
However,  for  the  girders  tested  the  ratio  of  the  shearing  stress  to  the 
longitudinal  stress  in  the  outer  fibers  is  higher  than  ordinarily  occurs 
in  practice,  and  this  fact  tends  to  exaggerate  the  excess  of  the  values 
of  Ee  over  those  of  the  longitudinal  stress. 


30  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

A  consideration  of  the  girder  described  in  section  12  will  illustrate 
the  possible  importance  of  the  diagonal  strain  in  a  girder  designed  in 
accordance  with  current  practice.  The  maximum  diagonal  strain 
occurs  at  a  point  at  which  the  flange  is  connected  to  the  web.  For 
tensile  and  compressive  strains  this  point  is  taken  on  the  center  line 
of  the  inner  row  of  rivets,  a  distance  of  4.75  in.  from  the  backs  of  the 
angles,  and  45.25-4.75=40.50  in.  from  the  neutral  axis.  The  longi- 
tudinal stress  varies  directly  as  the  distance  from  the  neutral  axis, 

40  50 
and  at  the  point  in  question  is  equal  to  15,930X  Ar  7C-  =13,800  lb.  per 

sq.  in.  In  computing  the  shearing  stress  at  this  point  the  numerical 
values  to  be  used  in  equation  (2)  are  the  same  as  those  used  on  p.  26, 
except  the  value  of  a1c1  which  in  this  case  is  1,794  (in.)3.  Using  equa- 
tion (2),  £s=8,800  lb.  per  sq.  in. 

The  maximum  value  of  i?e  obtained  from  equation  (10),  is  19,530 
lb.  per  sq.  in.  This  is  3,600  lb.  per  sq.  in.  or  22.6  per  cent  greater  than 
15,930  lb.  per  sq.  in.,  the  longitudinal  stress  at  the  outer  edge  of  the 
flange. 

In  this  example  the  excess  of  the  value  of  Ec  along  a  diagonal  over 
the  longitudinal  stress  at  the  outer  edge  of  the  flange  is  so  great 
(22.6  per  cent)  that  it  should  have  been  considered  in  the  design  of 
the  girder.  This  indicates  that  in  the  design  of  structural  steel  girders 
in  which  maximum  shear  and  maximum  moment  occur  at  tJie  same 
transverse  section  of  tlie  web,  it  is  not  safe  to  allow  an  average  trans- 
verse shearing  stress  of  10,000  lb.  per  sq.  in.  and  at  the  same  time  to 
allow  a  longitudinal  stress  of  16,000  lb.  per  sq.  in.  in  the  outer  fibers  of 
the  flanges.  It  is  evident  that  the  diagonal  strains  in  such  girders 
should  be  given  special  attention. 

14.  Buckling  of  Web. — The  tendency  of  webs  of  girders  to  fail 
by  buckling  is  well  illustrated  by  the  action  of  the  webs  of  girders 
3  and  8  as  shown  in  Fig.  11  and  12.  The  exact  analysis  of  buckling 
action  in  the  web  of  a  girder  would  be  extremely  complicated,  and  the 
following  approximate  analysis  is  in  common  use :  A  narrow  strip  of 
web  making  an  angle  of  45  degrees  with  the  longitudinal  axis  of  the 
girder  is  regarded  as  a  column  carrying  an  average  stress  over  its 
cross-section  equal  to  the  shearing  stress  at  the  neutral  axis  (which 
is  equal  to  the  compressive  stress  on  a  45  degree  line  at  the  neutral 
axis — the  maximum  compressive  stress  at  that  point).  The  length 
of  this  column  is  taken  as  7iV2,  in  which  7i  is  the  clear  depth  of 
web.    The  column  is  regarded  as  fixed-ended.     Since  the  web  is  thin 
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the  slenderncss  ratio  l/r  is  large  for  the  strip,  and  Euler's  column 
formula,  which  gives  good  results  for  very  slender  columns,  may  be 
used.  Applying  Euler's  formula  for  fixed-ended  columns,  the  com- 
puted web  stress  at  failure  by  buckling  Sc,  becomes 


fif. 


(ID 


The  compressive  stress  at  the  neutral  axis  at  the  yield  point  of 
the  girders  tested  is  given  in  Column  6  of  Table  4;  the  ultimate 
strength  of  a  45-degree  strip  as  obtained  by  Euler's  formula  in  Col- 
umn 8;  and  the  relation  between  these  two  quantities  is  given  in 
Column  9. 

It  will  be  seen  for  all  girders  except  3  and  8  that  the  load  at  the 
yield  point  of  the  beam  corresponds  quite  closely  to  the  load  for  the 
failure  of  the  web-column  as  given  by  Euler's  formula.  In  the  case 
of  girder  3  the  stiffeners  at  the  ends  apparently  helped  stiffen  the 
whole  web,  though  the  unsupported  length  of  web  was  much  greater 
than  is  allowable  under  standard  specifications.  In  the  case  of  gir- 
der 8  the  web  was  supported  against  budding  by  stiffeners  at  inter- 
mediate points.  It  would  seem  that  the  webs  of  girders  are  capable 
of  developing  a  shearing  stress  at  the  neutral  axis  equal  to  the  ulti- 
mate stress  on  a  45-degree  strip  considered  as  a  column,  figured  by 
Euler's  formula  for  columns  with  fixed  ends,  unless  the  stress  given 
by  that  formula  is  higher  than  the  yield-point  strength  of  the  material 
in  shear.  An  examination  of  Tables  1  and  3  shows  that  before  the 
ultimate  of  any  test  girder  had  been  reached  the  yield-point  strength 
in,  shear  of  the  web  material  was  developed  (unless  failure  was  due 
to  local  compression  of  the  web  over  bearing  blocks),  but  that  the 
yield  point  of  the  girder  was  reached  before  the  web  material  was 
stressed  to  its  yield  point  in  shear.  It  should  be  kept  in  mind  that  the 
yield  point  of  a  girder  is  the  practical  limit  of  its  load-carrying 
capacity. 

15.  Local  Web  Compression  Adjacent  to  Bearing  Blocks. — The 
exact  determination  of  the  stresses  in  the  web  of  an  I-beam  or  girder 
adjacent  to  a  bearing  block  would  involve  a  consideration  of  the  com- 
bined effect  of  the  shearing  stresses  and  the  longitudinal  stresses  in 
the  web  adjacent  to  a  bearing  block.  It  would  also  involve  a  knowl- 
edge of  the  law  of  variation  of  the  transverse  stress  from  the  flange 
towards  the  neutral  axis  and  of  the  distribution  of  the  pressure  along 
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the  bearing  block.  Since  exact  knowledge  of  these  conditions  is  lack- 
ing, it  is  thought  that  a  simple,  approximate  treatment  of  the  local 
stress  adjacent  to  bearing  blocks  will  serve  the  structural  engineer  as 
well  as  a  more  elaborate  analysis,  especially  since  the  simple  analysis 
gives  results  in  fair  agreement  with  tests. 

The  determination  of  the  local  compressive  stress  in  the  web  of  an 
I-beam  or  girder,  adjacent  to  a  bearing  block  is  discussed  in  Bulletin 
No.  68  of  the  Engineering  Experiment  Station  of  the  University  of 


«az 


asfrs 


Fig.  13. 


Diagram  of  Compressive  Stress  in  Web  op  G!irder  over  a  Bearing 
Block 


Illinois.  The  following  is  quoted  from  that  bulletin,  with  a  few 
changes  in  notation : 

"There  may  be  an  excessive  compressive  stress  near  the  junction 
of  web  and  flange  and  adjacent  to  a  concentrated  load  or  reaction. 
What  has  been  referred  to  previously  as  failure  by  twisting  of  ends 
of  I-beams  is  in  most  cases  primarily  caused  by  excessive  local  com- 
pression at  the  root  of  the  flange. 

"An  approximate  method  of  computing  the  compressive  stress  at 
the  root  of  the  flange  adjacent  to  a  concentrated  load  or  an  end  reac- 
tion, has  been  given  by  C,  W.  Hudson  as  follows  :*  Imagine  a  small 
piece  cut  from  the  flange  and  web  of  an  I-beam  immediately  over  a 
bearing  block  (Fig.  13),  and  imagine  this  piece  to  be  held  in  equili- 
brium by  the  elastic  forces  which  act  on  it  while  it  is  in  its  place  in 
the  beam.  The  forces  are  (1)  the  pressure  of  the  reaction  at  the 
bearing  block  P ;  (2)  the  compression  in  the  web  which  equals  Swtb, 
when  Sw=the  average  intensity  of  compressive  stress,  t=  the  thick- 
ness of  web,  and  6=the  length  of  bearing  block;  (3)  a  horizontal 
shearing  force  Vn;  (4)  a  vertical  shearing  force  Vv  and  (5)  horizontal 
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tensile  or  compressive  stresses.  Very  little  of  the  total  shear  would 
be  balanced  by  the  small  internal  shearing  stress  in  the  flange  of  an 
I-beam,  and  it'  the  section  considered  be  taken  at  the  root  of  the  flange, 
an  equation  may  be  written  without  serious  error  as  follows: 

Vv=Vh=0 

Then,  the  compressive  stress  on  the  web  is  balanced  by  the  reaction 
on  the  bearing  block.  The  compressive  stress  may  be  regarded  as 
uniformly  distributed,  and  an  equation  may  be  written  as  follows : 

*■-» <12>- 

"In  the  above  discussion  the  case  considered  is  for  the  compressive 
stress  adjacent  to  an  end  reaction.  The  reasoning  for  the  compres- 
sive stress  in  the  web  adjacent  to  a  concentrated  load  would  be  similar. 
"It  is  unwise  to  regard  the  ultimate  compressive  fiber  stress  in  the 
web  adjacent  to  a  bearing  block  as  higher  than  the  yield-point 
strength  of  the  material  at  the  root  of  the  flange.  Moreover,  the  fact 
should  be  borne  in  mind  that  the  material  at  the  root  of  the  flange 
of  an  I-beam  usually  has  a  yield-point  strength  somewhat  lower  than 
that  of  the  material  in  the  flange  or  in  the  web.  In  the  absence  of 
special  tests  the  yield-point  strength  of  the  structural  steel  at  the  root 
of  the  flange  of  an  I-beam  may  be  taken  as  about  30,000  lb.  sq.  in. ' ' 

In  comparing  Hudson's  analysis  with  the  results  of  tests  either  of 
two  methods  of  procedure  may  be  used:  (1)  The  fiber  stress  at  fail- 
ure, computed  by  Hudson's  formula  for  beams  which  failed  by 
local  web  compression,  may  be  compared  with  the  yield-point  strength 
of  the  material  at  the  root  of  the  flange.  (2)  Strain  gage  measure- 
ments directly  over  bearing  blocks  may  be  compared  with  values  given 
by  Hudson's  formula.  Table  6  gives  a  statement  of  the  results  fol- 
lowing the  first  method  of  procedure.  From  this  table  it  is  evident 
that  for  the  beam  tested  by  Marburg  and  for  the  1913  series  of  beams 
tested  at  the  University  of  Illinois,  the  fiber  stress,  computed  by  Hud- 
son's formula,  wTas  slightly  greater  than  the  yield-point  strength  of  the 
material  at  the  root  of  the  flange  of  the  beams ;  and  for  the  1914  tests 
at  the  University  of  Illinois  the  stress,  computed  by  Hudson's  formula 
was  slightly  less  than  the  yield-point  strength  of  the  material  at  the 
root  of  the  flange. 

Tests  1  and  5  of  the  1914  series  furnish  the  available  data  for  a 
comparison  of  the  results  of  strain  gage  measurements  with  the  fiber 
stress  as  computed  by  Hudson 's  formula.    It  is  necessary  to  make  al- 
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lowance  for  the  fact  that  the  strain  gage  readings  are  taken  over  a 
gage  length  of  which  the  center  is  necessarily  some  distance  from  the 
root  of  the  flange.  The  approximate  relation  between  the  strain  and 
the  distance  from  the  root  of  the  flange  can  be  obtained  by  comparing 
the  strains  indicated  by  the  readings  on  gage  lines  34,  35,  36,  37,  and 
23,  26,  27,  and  28  of  Test  1  shown  in  Fig.  14. 

Assuming  that  the  strain  varied  directly  as  the  distance  from  the 
root  of  the  flange,  the  stress  at  the  root  of  the  flange  would  be  about 
1 .25  times  as  great  as  the  stress  indicated  by  the  strain  gage  readings 
nearest  the  flange.     Table  7  gives  the  compressive  stress  in  the  web 


Table  7. 

Compressive  Stress  in  Webs  of  I-Beams  Adjacent  to  a  Bearing* 

Block 


I-beam 


Thickness 

of  Web 

in. 


Length  of 

Bearing 

Block 


Gage  Line 
(See  Figs. 
2   and   3) 


Stress   for  a  Load  of   1000   lb. 
lb.  per  sq.  in. 


From  Strain 
Gage  Meas- 
urements 


Computed  by 
Hudson's 
Formula 


L—  1914  series 


5—1914   series 


0.221 


0.202 


16  at  end 

35  at  ena 


2  at  end 
27  at  end 


426 
400 


500 
472 


376 
376 


412 
412 


directly  over  the  center  of  a  bearing  block  as  determined  from  the 
strain  gage  readings  (corrected  for  distance  from  root  of  flange),  and 
as  computed  by  Hudson's  formula.  The  results  show  an  actual  fiber 
stress  over  the  center  of  the  bearing  blocks  slightly  greater  than  that 
given  by  Hudson's  formula. 

Considering  both  the  results  of  tests  to  failure  and  results  of  strain 
gage  tests,  Hudson's  formula  seems  fairly  reliable. 

The  writers  wTish  to  call  especial  attention  to  the  importance  of 
considering  the  local  compression  over  a  bearing  block  for  an  I-beam 
or  a  girder.  If  there  is  not  sufficient  bearing  area  in  the  web,  stiffeners 
must  be  provided  to  prevent  the  flange  from  folding  over  towards  the 
web  (Fig.  10).  Tendencies  toward  such  folding  action  were  observed 
in  several  tests,  and  the  inequality  of  the  strains  on  opposite 
sides  of  thej  web  (test  1,  gage  lines  18,  19,  20,  21,  22,  23,  24,  test  5, 
gage  lines  12,  13,  14,  19,  and  20)  indicates  bending  action  as  well  as 
compression.  Angle  stiffeners  placed  over  the  supports  as  shown  in 
Fig.  8  check  this  tendency  to  bend.  It  is  of  the  highest  importance 
that  such  stiffeners  fit  closely  against  the  flange.  An  excellent  illus- 
tration of  this  point  is  furnished  by  the  behavior  of  the  built-up  gir- 
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ders  during  the  tests.  The  stiffeners  at  points  at  which  concentrated 
forces  are  applied,  for  girders  3  and  8  are  angles  having  their  out- 
standing legs  ground  to  fit  the  outstanding  legs  of  the  flange  angles, 
whereas  the  corresponding  stiffeners  for  the  I-beams  are  flats.  Gir- 
ders 3  and  8  maintained  a  vertical  position  much  better  than  did  the 
I-beams,  indicating  that  it  is  an  essential  feature  at  points  at  which 
concentrated  forces  are  applied,  to  have  the  stiffeners  support  the 
outstanding  legs  of  the  flange  as  much  as  possible. 

16.  Functions  of  Stiffeners. — Stiffeners,  as  commonly  used  on 
plate  girders,  perform  two  functions.  Those  placed  at  frequent  inter- 
vals along  the  girders  prevent  the  web  from  buckling  as  a  column  be- 
cause of  diagonal  compression.  Stiffeners  placed  under  concentrated 
loads  or  over  supports  distribute  the  concentrated  force,  which  would 
otherwise  be  delivered  directly  to  the  flange,  over  a  considerable  por- 
tion of  the  depth  of  the  web.  These  latter  stiffeners  assist  also  in  pre- 
venting the  buckling  of  the  web. 

The  spacing  of  stiffeners  is  usually  determined  more  or  less  arbi- 
trarily. The  General  Specifications  of  the  American  Railway  Engi- 
neering Association  for  Steel  Railway  Bridges,  1910  edition,  state, 
"There  shall  be  web  stiffeners  generally  in  pairs,  over  bearings,  at 
points  of  concentrated  loading,  and  at  other  points  where  the  thick- 
ness of  the  web  is  less  than  1/60  of  the  unsupported  distance  between 
flange  angles.  The  distance  between  stiffeners  shall  not  exceed  that 
given  by  the  following  formula,  with  a  limit  of  six  feet  (and  not 
greater  than  the  clear  depth  of  the  web)  : 

t 
d=—  (12,000—  s). 
40 

in  which  (7= clear  distance  between  stiffeners  of  flange  angles,  /=thick- 
ness  of  web,  s=shear  per  sq.  in." 

According  to  these  specifications  the  spacing  of  the  intermediate 
stiffeners  is  in  a  general  way  a  function  of  the  shearing  stress;  but 
stiffeners  are  required,  no  matter  how  low  the  stress  may  be,  if  the 
ratio  of  the  unsupported  width  to  the  thickness  of  the  web  exceeds  60. 

The  ratio  of  the  unsupported  width  to  the  thickness  of  the  web  for 
the  I-beams  tested  was  less  than  60  in  all  cases.  For  girders  3  and  8 
this  ratio  was  100,  and  therefore,  according  to  the  specifications  quoted, 
intermediate  stiffeners  were  required.  Girder  8  was  equipped  with 
intermediate  stiffeners  in  accordance  with  the  specifications;  whereas 
girder  3  was  provided  with  stiffeners  only  at  points  at  which  concen- 
trated forces  were  applied.     The  load  at  the  yield  point  for  girder  3 


STRENGTH  OF  WEBS  OF  t-BEAMS  A.ND  GIRDERS 


37 


35  36  37  33  39 

Fig.  14.     Strain  Diagrams  for  I-Beam  1 

Note:      1    horizontal   division=  10,000    lb.    per    sq.    in.    as    indicated    by    the   strain    gage. 

Numbers   refer  to  gage  lines  as   given   in   Fig.   2.      Tension   plotted   to   right;    compression  to 
left.      Measured  quantities ;    computed  quantities . 
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40000 


34  35  36  37  38  39  40 

Fig.  15.     Strain  Diagrams  for  I-Beam  2 

Note:    See  Fig.  14. 
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Fig.  16.     Strain  Diagrams  for  Built-up  Girder  3 

Note:    See  Fig.  22. 
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Note 


41  4Z  43        44 

Fig.  17.     Strain  Diagrams  for  I-Beam  i 
;    See  Fig.  14. 

1  horizontal  division  — 0.02  inch   (for  deflection  curve  only) 
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Fig.  18.     Strain  Diagrams  for  I-Beam  5 


>." • « t < ■ :    1   horizontal   division  =    10,000  lb.   per  sq.   in,   as   indicated   by   the   strain   gage. 
1   horizontal    division  =  0.02    inch    (for   deflection   curve   only) 
Numbers  refer  to  gage  lines   as  given   in   Fig.   3. 
Tension  plotted  to  right;   compression   to  left. 
Measured  quantities  ;  computed  quantities ■ 
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Fig.  19.     Strain  Diagrams  for  I-Beam  6 

See  Fig.  18. 
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Fig.  20.     Strain  Diagrams  foe  I-Beam  7 

See  Fig.  18. 
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Fig.  21.     Strain  Diagrams  for  Built-up  Girder  8, — I 
Note:    See  Pig.  22. 
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Fig.  22.     Strain  Diagrams  for  Built-up  Girder  8, — II 

Note:     1  hori7.ontal  division  — 10,000  lb.  per  sq.   in.  as   indicated  by   the   strain   gage. 
1  horizontal  division  =  0.02   in.    (for  deflection    curve   only) 
Numbers  refer  to  gage  lines  as  given  in  Fig.   4. 
Tension   plotted   to   right;    compression   to   left. 
Measured  quantities  ;    computed   quantities — 
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was  101,500  pounds,  and  for  girder  8,  112,500  pounds.  That  is,  the 
addition  of  intermediate  stiff eners  to  a  girder  for  which  the  ratio 
of  the  unsupported  width  to  the  thickness  of  the  web  was  100,  in- 
creased the  yield  point  of  the  girder  only  about  10  per  cent.  This  is 
remarkable  in  view  of  the  fact  that  the  proportions  of  the  girders 
were  such  that  the  web  received  a  relatively  higher  stress  than  the 
flanges,  a  condition  which  is  usually  reversed  in  practice.  While  the 
girder  without  stiffeners  does  not  have  a  yield  point  quite  as  high  as 
the  girder  with  stiffeners,  the  fact  that  the  deflection  curve  is  practi- 
cally straight  up  to  the  yield  point  indicates  that  it  may  be  safe  to 
build  girders  without  intermediate  stiffeners  if  the  ratio  of  the  un- 
supported width  to  the  thickness  of  the  web  exceeds  60.  However,  it 
is  necessary  to  decrease  the  working  stress  allowable  in  the  web  as  this 
ratio  becomes  greater. 

For  the  determination  of  the  proper  working  stress  for  webs  with- 
out intermediate  stiffeners  three  calculations  should  be  made :  ( 1 )  The 
maximum  shearing  stress  (which  may  be  taken  equal  to  the  shearing 
stress  at  the  neutral  axis)  should  not  be  greater  than  the  safe  working 
stress  in  shear  for  the  web  material.  (The  strength  in  shear  of  web 
material  is  discussed  in  the  next  section  ' '  Strength  of  Materials  in  I- 
beams  and  Girders".)  (2)  The  value  of  Ee  corresponding  to  the 
maximum  diagonal  strain  should  not  exceed  the  value  of  the  safe  tensile 
or  compressive  working  stress  for  the  material.  (3)  The  maximum 
diagonal  compressive  stress  at  the  neutral  axis  should  not  exceed  the 
safe  stress  as  given  by  Euler's  formula  for  fixed-ended  columns,  which 
when  applied  to  webs  of  I-beams  and  girders  becomes 

S       lME (11a) 

h   N  2 

t ) 

in  which  Sw  equals  the  average  working  stress  in  the  web,  /=the  fac- 
tor of  safety,  E=the  modulus  of  elasticity  (30,000,000  lb.  per  sq.  in. 
for  steel),  7i=the  unsupported  depth  of  the  web  between  flanges,  and 
£=the  thickness  of  the  web. 

It  may  be  necessary  to  provide  stiffeners  for  girders  having  rela- 
tively thin  webs,  irrespective  of  the  stress,  in  order  that  the  girder 
may  not  be  injured  in  handling. 

17.  Strength  of  Material  in  the  I-beams  and  Girders. — Specimens 
for  tension  tests  and  shear  tests  were  cut  from  the  beams  and  girders 
as  described  in  section  7  "Specimens."  The  results  of  the  tension 
tests  are  given  in  Table  8,  and  the  results  of  the  shear  tests  are  given 
in  Table  9.    In  all  tension  tests  the  yield  point  was  determined  by  the 
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Table  8. 
Tension  Tests  of  Material  in  I-Beams  and  Girders 

Each  value  is  the  average   of  two  or  more   tests 


Girder 

(orl- 

beam) 

Specimens 
from 

Yield  Point 
lb.  per  sq.  in. 

Ultimate 
lb.  per  sq.  in. 

Elongation     in     2 

inches 

per  cent 

1 

Flans'.' 

Web 

Root  of  flange 

40.200 
40.600 
38,000 

66.800 
67.500 
65.700 

35.0 
29.5 
27.7 

2 

Flange 

Web 

Root  of  flange 

42,600 
44,200 
39.200 

67.600 
68.200 
67.700 

27.5 
27.7 
31.5 

3 

Web 

41,800 

54.100 

35.7 

4 

Flange 

Web 

Root  of  flange 

37,500 
42,300 
45.800 

66.900 
68.900 
70,100 

36.1 

29.7 
27.0 

5 

Flange 

Web 

Root  of  flange 

36,200 
41,800 
46,000 

66.900 
68,900 
69,200 

34.2 

28.2 
27.0 

6 

Flange 

Web 

Root  of  flange 

39,300 
43,500 
49,200 

67,400 
66,500 
69,800 

33.5 
27.0 
28.7 

7 

Flange 

Web 

Root  of  flange 

41,400 
39.500 
43,800 

67.700 
65.300 
68.200 

35.5 
28.7 
30.2 

8 

Web 

36.900 

53.700 

36.0 

Table  9. 
Shearing  Tests  of  Material  From  Webs  of  I -Beams  and  Girders 

Each  result  is  the  average  of  two  or  more  tests 


Girder 

Yield  Point 

Ultimate 

(or  I-beam) 

lb.   per  sq.    in. 

lb.   per   sq.    in. 

1 

Not    well    defined 

53,300 

2 

do. 

53,300 

3 

25,700 

49,000 

4 

Not    well    defined 

52,300 

5 

do. 

54,400 

6 

do. 

50,500 

7 

do. 

53,100 

8 

26,100 

47,900 

drop  of  the  beam  of  the  testing  machine,  and  in  shear  tests  by  the 
first  noticeable  stretch  as  shown  by  a  pair  of  dividers.  The  results 
of  the  tension  tests  indicate  that  the  material  at  the  root  of  the 
flanges  of  the  I-beams  wras  well  rolled,  since  the  specimens  cut  from 
this  part  of  the  I-beams  showed  fully  as  high  strength  as  did  the 
specimens  from  the  webs  and  from  the  flanges.  The  yield-point 
strength  of  the  shear  specimens  cut  from  the  webs  of  the  I-beams  was 
not  clearly  defined,  but  definite  yield  points  in  shear  were  obtained 
for  the  specimens  cut  from  the  webs  of  the  two  built-up  girders.  Sev- 
eral specimens  from  each  built-up  girder  were  tested.  These  shear  tests 
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indicate  a  ratio  of  yield-point  strength  in  shear  to  yield-point  strength 
in  tension  of  about  0.65,  a  ratio  not  widely  different  from  the  value 
0.60  which  is  commonly  used.  If  a  fiber  stress  of  16,000  lb.  sq.  in.  is 
allowable  for  structural  steel  in  tension,  a  stress  of  about  10,000  lb. 
per  sq.  in.  would  be  allowable  for  steel  in  shear.  This  agrees  with  the 
usual  practice. 

18.  Deflection  of  Test  Girders. — As  a  matter  of  interest,  though 
secondary  in  importance  to  the  determination  of  strength  properties, 
the  observed  deflection  at  mid  span  of  the  girders  under  load  has  been 
compared  with  the  deflection  computed  by  means  of  the  formulas  com- 
monly given  in  texts  on  the  mechanics  of  materials.  The  girders 
tested  had  such  short  spans  that  the  deflection  due  to  shear,  about  20 
per  cent  of  the  total,  is  important.  This  deflection  is  calculated  from 
the  formula 

P       1 
*»=<T   SF (13) 

in  which  As  is  the  deflection  at  mid  span  due  to  shear.  P  is  the  total 
applied  load,  lt  is  the  distance  from  support  to  the  near  of  the 
two  symmetrically  spaced  loads,  F  the  modulus  of  elasticity  in 
shear  (taken  as  12,000,000  lb.  per  sq.  in.  for  steel)  and  a  is  the  total 
area  of  cross-section  of  the  beam.  This  formula  is  readily  derived 
from  the  discussion  given  in  Merriman's  ''Mechanics  of  Materials," 
10th  ed.  p.  320. 

The  deflection  due  directly  to  flexure  is  * 

H£(^-g) (">-, 

in  which  I  is  the  total  length  of  span  of  the  beam,  E  is  the  modulus  of 
elasticity  in  tension  and  compression  (taken  as  30,000,000  lb.  per  sq. 
in.  for  steel ) ,  I  the  moment  of  inertia  of  the  cross-section  of  the  beam, 
and  other  symbols  are  the  same  as  given  for  equation  14. 

The  total  deflection  A  is  then  Ag-|-A/.  In  the  deflection  curves 
of  Fig.  16-22,  the  deflection  computed  by  the  preceding  formulas  is 
shown  by  the  dot  and  dash  line,  and  the  observed  deflection  by  solid 
lines.     The  computed  and  observed  values  agree  very  closely. 

The  theoretical  curve  of  deflection  due  to  shear  alone  for  a  girder 
loaded  at  two  symmetrical  points  is  made  up  of  two  inclined  straight 
lines  for  the  end  portions,  joined  by  a  horizontal  straight  line  for  the 

**Boyd,    "Strength   of  Materials,"   p.    115. 
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middle  portion.    The  general  tendency  of  the  girders  to  assume  such 
a  shape  under  excessive  shearing  strain  is  well  shown  in  Fig.  10  and  11. 
1!).     Summary. — The  following  summary  is  given: 

(1)  The  measured  strains  in  various  parts  of  the  six  I-beams  and 
two  built-up  girders  agree  closely  with  the  strains  as  computed  by  the 
ordinary  elastic  theory  if  due  allowance  is  made  for  the  lateral  strain 
(Poisson's  ratio  effect). 

(2)  The  maximum  shearing  stress  in  an  I-beam  or  a  built-up  girder 
is  in  some  cases  the  shearing  stress  at  the  neutral  axis,  and  is  in  other 
cases  the  diagonal  shearing  stress  caused  by  the  combined  stresses  in 
the  web  at  its  junction  with  the  flange.  However,  the  two  are  usually 
nearly  equal,  and.  in  general  the  shearing  stress  at  the  neutral  axis 
may  be  used  in  designing  girders. 

(3)  A  common  approximate  method  of  computing  the  shearing 
stress  in  the  web  of  a  girder  is  to  divide  the  total  shear  upon  a  trans- 
verse section  by  the  area  of  the  cross-section  of  the  web.  If  the  value 
given  by  this  method  is  more  than  80  per  cent  of  the  allowable  stress 
in  shear  for  the  material,  a  check  computation  for  shearing  stress 
should  be  made,  using  the  more  precise  formula,  equation  (2). 

(4)  The  yield  point  (not  the  ultimate  strength)  of  the  material 
in  shear  should  be  regarded  as  the  ultimate  shearing  stress  which  can 
be  developed  in  the  webs  of  girders.  The  ratio  of  the  yield  point  in 
shear  to  the  yield  point  in  tension  for  structural  steel  is  about  0.G, 
and  the  ratio  of  the  allowable  shearing  stress  to  the  allowable  tensile 
or  compressive  stress  may  be  taken  at  the  same  value. 

(5)  The  maximum  tensile  or  compressive  strain  is  an  I-beam  or 
built-up  girder  is  in  some  cases  the  longitudinal  strain  in  the  extreme 
fibers  of  the  flange,  and  is  in  other  cases  the  diagonal  strain  in  the 
web  adjacent  to  the  flange.  The  diagonal  strain  may  be  enough  greater 
than  the  longitudinal  strain  to  make  it  desirable  to  consider  the  for- 
mer in  the  design  of  a  girder.  The  value  of  Et  corresponding  to  the 
maximum  strain  should  not  in  any  case  exceed  in  magnitude  the  safe 
working  stress  of  the  material  in  tension.  (The  safe  stress  in  tension 
for  structural  steel  is  usually  taken  at  16,000  lb.  per  sq.  in.) 

(6)  In  the  case  of  girders  having  no  stiffeners  except  at  points 
at  which  concentrated  forces  are  applied,  the  web  is  capable  of  devel- 
oping the  lowest  of  the  following  critical  values:  (1)  the  yield-point 
strength  of  the  material  of  the  web  in  shear;  or  (2)  the  compressive 
strength  of  the  web  as  computed  by  Euler's  formula,  considering  a 
45-degree  strip  as  a  fixed-ended  column  subjected  to  a  compressive 
stress  equal  to  the  transverse  shearing  stress  at  the  neutral  axis;  or 
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(3)  a  diagonal  strain  equal  to  the  strain  at  the  yield  point  of  the  ma- 
terial in  tension. 

(7)  It  would  seem  that  the  ability  to  resist  buckling  of  thin 
webs  without  intermediate  stiffeners  had  been  underestimated. 

(8)  Stiffeners  at  supports  and  under  concentrated  loads  are  very 
necessary.     These  should  be  well  fitted  to  the  flanges. 

(9)  The  local  compressive  stress  in  the  web  of  a  girder  when  no 
stiffeners  are  used  at  points  at  which  concentrated  forces  are  applied 
may  be  computed  with  a  fair  degree  of  accuracy  by  the  use  of  Hud- 
son's formula  (see  p.  32  for  detailed  discussion).  Even  if  this  stress 
is  low,  the  use  of  stiffeners  at  points  at  which  concentrated  forces  are 
applied  diminishes  the  danger  of  lateral  bending  of  the  beam  at  the 
junction  of  the  web  and  the  flange. 

(10)  The  deflection  of  the  girders  as  measured  and  as  computed 
by  the  ordinary  elastic  theory  agrees  closely  when  the  deflection  due 
to  shear  is  considered  (see  p.  48  for  discussion  of  formulas).  For  short- 
span  beams  the  deflection  due  to  shear  may  be  as  much  as  20  per  cent 
of  the  total. 
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THE   CORRECTION  OF  ECHOES  AND  REVER- 
BERATION IN  THE  AUDITORIUM  AT 
THE  UNIVERSITY  OF  ILLINOIS 

I.     Introduction. 

1.  Preliminary. — The  work  described  in  this  bulletin  may  be 
considered  as  a  continuation  of  an  earlier  investigation  on  "Acoustics 
of  Auditoriums."* 

Figure  1  shows  the  floor  plans  of  the  auditorium  under  investiga- 
tion. The  interior  approximates  a  sphere  cut  off  on  the  lower  surface 
by  the  sloping  floor  of  the  room.  There  is  a  balcony,  but  no  gallery. 
The  balcony  projects  12  feet  over  the  main  floor  at  the  sides  and  34 
feet  in  the  rear.  The  stage  is  built  out  into  the  room  instead  of  being 
set  back  behind  a  proscenium  arch  as  originally  designed,  the  stage 
house  having  been  omitted  to  reduce  the  cost  of  the  building. 

The  domed  ceiling  is  supported  on  four  equal  arches,  and  the  side 
walls  above  the  gallery  are  double  curved  surfaces.  The  limited  ap- 
propriation for  the  building  made  it  impossible  to  embellish  the  sur- 
faces of  the  walls  and  ceiling,  and  therefore,  they  were  left  practically 
plain,  which  increased  their  power  to  reflect  sound  and  cause  echoes. 
There  arc  no  windows  in  the  room,  the  daylight  lighting  being  exclu- 
sively through  a  ceiling  light  30  feet  in  diameter  in  the  center  of  the 
dome. 

The  results  set  forth  in  the  previous  bulletin  are  briefly  as  fol- 
lows. A  systematic  investigation  of  the  acoustical  properties  of  the 
Auditorium  at  the  University  of  Illinois  was  carried,  on  for  several 
years.  "Cut  and  try"  methods  of  cure  were  avoided.  It  was  shown 
by  theory  and  experiment  that  the  usual  acoustical  faults  in  a  room  are 
«liic  first,  to  a  reverberation,  or  undue  prolongation  of  sound,  and  sec- 
ond, to  echoes;  both  of  these  defects  being  caused  by  the  reflection  of 
sound  from  the  walls.  Various  methods  of  cure  were  considered, — the 
effect  of  padding  and  paneling  the  walls,  the  possible  advantage  of 
installing  wiresf    and   sounding   boards.!   and   finally,    the   action   of 


'Bulletin  No.  73  of  the  Engineering  Experiment  Station,  University  of 
Illinois. 

t" Inefficiency  of  Wires  as  a  Means  of  Curing  Defective  Acoustics  of  Audi- 
toriums."    Science,  Vol.  :'."».  p.  833.     1012. 

f'The  !'-<•  of  Sounding  Hoards  in  an  Auditorium."  Physical  Review,  Vol. 
1   (2),  p.  241,  1913.     Also  The  Brick  Builder,  June,  1913. 
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the  ventilating  system.*  The  conclusion  was  drawn  that  the  most  ef- 
fective cure  lav  in  padding  the  walls  with  materials  which  absorb 
sound. 

An  experimental  diagnosis  of  the  acoustical  properties  of  the  Audi- 
torium was  made.  This  was  done  by  tracing  the  path  pursued  by  a 
small  bundle  of  sound  when  it  was  sent  in  a  definite  direction  and  not- 
ing what  became  of  it  after  reflection.  Several  methods  of  tracing 
sound  were  tried  before  a  suitable  one  was  found.  A  ticking  watch 
backed  by  a  reflector,  or  a  metronome  enclosed  in  a  box  having  a  di- 
rected horn  gave  definite  data.  However,  a  hissing  arc  light  with 
a  parabolic  reflector  was  much  more  satisfactory  and  gave  conclusive 
results.  Enough  data  were  secured  in  this  way  to  show  the  general 
behavior  of  the  sound  in  the  room  and  also  to  indicate  how  the  chief 
echoes  were  set  up.t  Attempts  were  then  made  to  secure  satisfactory 
acoustics  by  hanging  curtains  and  draperies  at  critical  points  suggested 
by  the  diagnosis.  This  result  was  finally  secured  by  suspending  four 
large  pieces  of  canvas  in  the  dome. 

From  the  acoustical  standpoint,  the  Auditorium  was  then  in  a 
much  improved  condition.  The  canvas,  however,  was  very  unsightly 
and  did  not  accord  with  the  architectural  features  of  the  room.  It  was 
therefore  proposed  that  the  materials  used  to  correct  the  acoustics  be 
installed  in  such  manner  as  to  remedy  this  fault.  It  was  also  proposed 
at  this  time  to  install  a  pipe  organ,  to  decorate  the  interior  of  the  room, 
and  to  change  the  lighting  system. 

2.  Object  of  the  Bulletin. — The  object  of  this  bulletin  is  to  de- 
scribe the  changes  that  were  made  in  the  Auditorium  to  carry  out  the 
proposals  just  mentioned,  and  especially  to  show  how  the  acoustical 
properties  were  modified. 

II.     Preliminary  Acoustical  Investigation. 

It  was  desired  that  the  materials  used  to  correct  the  acoustics  be 
installed  in  such  manner  as  to  conform  with  the  architectural  fea- 
tures of  the  Auditorium.  This  introduced  a  new  problem  since  in  the 
pro  visional  cure  the  canvas  sheets  in  the  dome  hung  with  very  little 
conformity  to  the  curvature  of  the  walls.  A  further  complication  ap- 
peared when  it  was  found  by  calculation  that  the  amount  of  material 
necessary  to  correct  the  reverberation  was  insufficient  to  pad  all  the 


*"Air  Currents  and  Acoustics  of  Auditoriums."     Engineering  Eecord.  Vol. 
67,  p.  265,  1913. 

t"  Echoes  in  an  Auditorium."     Physical  Keview,  Vol.  32,  p.  231,  1911. 
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Fig.  1.     Floor  Plans  Showing  Interior  of  the  Auditorium  at  the  Univer- 
sity of  Illinois  which  was  Corrected  for  Echoes  and  Reverberation. 
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walls  that  produced  echoes.  It  was  desirable  to  eliminate  the  echoes, 
but  it  was  regarded  as  risky  to  install  too  much  sound  absorbing  mate- 
rial, owing  to  the  danger  of  making  the  Auditorium  too  dead  for  sound. 

Because  of  these  difficulties  it  was  decided  to  carry  on  further  ex- 
periments and  to  secure  more  data  before  deciding  on  the  final  cure. 
Accordingly,  one  large  curved  wall  was  covered  with  strips  of  one-inch 
hair  felt,  30  inches  wide,  placed  vertically  and  30  inches  apart  so  as  to 
leave  bare  spaces  between  them.  This  arrangement  was  satisfactory 
for  several  reasons ;  it  did  not  change  the  curvature  of  the  wall ;  it  used 
only  half  the  amount  of  material,  necessary  to  cover  the  entire  wall ; 
and  because  of  diffraction  and  interference  effects,  it  was  theoretically 
more  efficient  in  breaking  up  the  reflected  sound  than  if  the  same 
material  were  spread  continuously  over  the  whole  surface.  Although 
encouraging,  the  results  were  not  so  marked  as  expected  in  diminish- 
ing the  echoes. 

On  the  basis  of  this  experiment,  plans  were  made  for  covering 
other  walls  in  a  similar  way,  except  that  the  hair  felt  was  to  be 
mounted  on  wooden  ribs  built  out  from  the  wall  surface.  Such  an 
installation  seemed  more  likely  to  break  up  the  incident  sound  than 
the  first  plan  of  mounting  the  hair  felt  snugly  against  the  wall.  The 
sound  wave  on  striking  these  outer  felt  strips  would  suffer  partial 
reflection  and  change  of  phase,  while  the  remaining  portion  of  the 
sound  would  pass  through  the  open  spaces  and  be  spread  out  by  dif- 
fraction and  reflection  from  the  walls.  The  hair  felt  strips  would  op- 
pose the  incident  and  reflected  waves,  thus  breaking  up  the  original 
sound  and  diminishing  its  intensity  and  possibility  of  producing 
echoes. 

Because  the  scaffolding  erected  for  the  use  of  the  workmen  inter- 
fered with  the  passage  of  sound  waves,  the  efficiency  of  this  method  of 
placing  the  felt  could  not  be  tested  step  by  step  as  the  material  was 
mounted.  The  test  was  deferred,  therefore,  until  the  installation  was 
completed.  In  the  meantime  the  pipe  organ  was  installed,  the  interior 
was  redecorated,  and  the  lighting  system  changed,  so  that  only  the  com- 
bined effect  of  all  these  factors  on  the  acoustics  could  be  investigated. 

III.  Modifications  of  the  Interior  of  the  Auditorium. 

3.  Installation  of  tlie  Pipe  Organ. — The  organ  was  mounted  in  a 
unique  way  by  dividing  it  into  two  parts  and  placing  them  in  lofts 
24  feet  above  the  ends  of  the  stage  with  a  distance  of  75  feet  between 
centers.    This  arrangement  placed  the  organ  at  a  considerable  distance 
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above  the  audience.  The  absence  of  any  vertical  surface  between  the 
lofts  and  the  audience  room  prevented  any  visible  arrangement  of  the 
organ  pipes,  but  the  necessary  free  exit  of  the  sound  was  provided 
for  by  the  construction  of  ornamental  plaster  grills  covering  the  pen- 
dentives  on  cither  side  of  the  stage.     (See  Fig.  2.) 


Fig.  2.  View  toward  the  stage  showing  the  grill  work  for  free  pas- 
sage of  sound  from  the  concealed  organ.  The  organ  consul  is  shown  to  the 
left.  Carpet  is  removed  from  stage  in  preparation  for  an  orchestra  concert 


4.  Method  of  Mounting  Hair  Felt. — The  hair  felt  was  mounted 
on  thin  furring  strips  which  were  bent  to  fit  the  curvature  of  the  sur- 
faces. The  dome  above  the  arches  and  the  double  curved  side  Avails  and 
single  curved  rear  wall  above  the  balcony  were  padded  in  this  way. 
The  felt  was  mounted  in  vertical  strips  on  the  west  side  Avail  as  shown 
in  Fig.  3.  Fig.  4  shows  the  wall  after  the  material  was  installed  and 
decorated. 
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Fig.  3.  Photograph  showing  the  mounting  of  the  hair  felt  in  vertical 
strips.  The  material  was  fastened  to  thin  furring  strips  which  could  be 
bent!  to  conform  to  the  curvature  of  the  surface 


On  the  east  balcony  wall  the  felt  was  mounted  on  wooden  ribs  so 
that  it  stood  concentric  with  the  plaster  surface  at  a  distance  of  one 
foot.  Eighteen  inches  below  the  edge  of  the  skylight  in  the  dome  radial 
strips  of  felt  which  approached  the  wall  until  they  touched  at  the 
crown  of  the  arches,  were  mounted  on  wooden  ribs.  (Fig.  5.)  The  hair 
felt  used  was  the  Akustikos  Felt  developed  especially  for  correction  of 
acoustical  faults  by  the  H.  W.  Johns-Manville  Company  under  the 
direction  of  Professor  Sabine. 

Before  the  changes  were  made  in  the  Auditorium,  Professor  Sabine 
visited  the  building  at  the  invitation  of  President  James.  After  this 
visit,  he  wrote  to  President  James  as  follows:  "If  such  confirmation 
of  the  results  of  Professor  Watson's  investigation  is  necessary,  please 
permit  me  to  assure  you  that  you  will  obtain  an  excellent  effect  from 
following  out  his  suggestions  in  all  detail."    The  final  installation  was 
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Fig.  4.     Photograph  showing  the  side  wall  of  fig.  2  when  ccmfleted.  A 

REP   OF   SUITABLE   COLOR   WAS    STRETCHED   OVER    THE   ENTIRE   SURFACE   AND   DECORATED. 

It  WAS  NECESSARY  fob  the  free  passage  of  the  sound  that  the  material  used 

IX   DECORATING    SHOULD  NOT   CLOSE  THE  PORES   OF   THE  REP 


modified  somewhat  from  the  original  plans,  but  the  general  features 
weir  maintained. 

5.  The  Decoration  and  the  Lighting  System. — The  modification 
of  the  lighting  system  involved  the  elimination  of  the  suspended  fix- 
tures. The  wall  brackets  were  retained,  but  the  main  lighting  was 
changed  to  a  semi-indirect  system  with  reflectors  above  the  arches  and 
around  the  skylight.  An  ivory  tone  was  selected  for  the  basic  color  in 
the  redecoration.  Ornamentation  was  stenciled  and  painted  on  the 
various  walls  and  surfaces  to  give  a  unified  effect.  With  the  excep- 
tion of  the  ornamental  borders  the  rep  covering  the  padded  surfaces 
was  left  its  natural  color.  The  difference  between  the  old  and  new  in- 
teriors is  shown  in  Figs.  6  and  7.  The  modifications  relieved  the  audi- 
torium of  its  cheerless,  barn-like  interior. 
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Fig.  5.  Diagram  showing  the  dome  surface  with  wooden  ribs  separating 
the  hair  felt  in  radial  strips.  this  false  ceiling  arrangment  was  thought 
more  effective  for  absorption  of  sound  than  if  the  material  were  mounted 
snugly  against  the  surface 


IV.    Final  Acoustical  Investigation. 

The  remodeled  Auditorium  has  been  tested  under  varied  conditions 
for  music  and  speaking,  and  popular  opinion  has  pronounced  the 
acoustics  satisfactory.  A  speaker  with  a  moderate  voice  can  be  heard 
distinctly  by  auditors  in  the  most  distant  seats.  The  music  of  the  new 
pipe  organ,  according  to  experts,  is  satisfactorily  rendered.  The  room 
is  also  suited  for  orchestra  music,  though  for  this  case,  it  has  been 
found  advantageous  to  follow  the  usual  custom  of  leaving  the  wooden 
floor  of  the  stage  bare  of  carpet  so  as  to  reenforce  the  sound  from  the 
instruments. 
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While  the  Auditorium  has  proved  to  be  generally  satisfactory,  a 
detailed  investigation  of  the  acoustical  effects  secured  by  the  modifica- 
tion of  the  room  was  thought  desirable.  A  request  was  made,  accord- 
ingly, that  auditors  report  any  echoes  or  acoustical  disturbances  how- 
ever slight  they  might  be.  About  a  dozen  replies  were  received,  and 
on  the  basis  of  these  and  other  considerations,  a  systematic  investiga- 
tion was  undertaken. 


Fig.  6.     Photograph  showing  Auditorium  before  changes  were  made 


The  acoustical  results,  beneficial  and  otherwise,  may  be  anticipated 
by  considering  the  changes  made.  According  to  Sabine,  the  hair  felt 
installed  would  reduce  the  reverberation.  This  would  also  eliminate 
echoes  if  installed  on  certain  surfaces  in  accordance  with  the  analysis ; 
but,  since  the  amount  of  material  used  to  correct  the  reverberation 
was  insufficient  to  cover  all  the  walls,  acoustical  defects  might  still 
be  set  up  by  the  unpadded  surfaces,  especially  by  the  pendentives. 
The  pipe  organ,  by  generating  musical  sounds  that  emerged  through 
the  pendentives  in  the  dome,  might  introduce  new  acoustical  dis- 
turbances. The  openings  made  in  the  surfaces  of  two  of  the  penden- 
tives for  the  passage  of  the  organ  music  would  reduce  the  general 
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Fig.  7.  Photograph  showing  new  interior  of  Auditorium.  The  suspended 
lighting  fixtures  were  removed,  the  interior  redecorated,  and  the  rear  wall 
in  the  alcove  padded 


reverberation  and  would  also  diminish  echoes.     The  changes  in  the 
decoration  and  in  the  lighting  system  would  produce  little  effect. 

6.  Investigation  of  Echoes. — Tests  were  made  in  several  ways  to 
determine  the  presence  of  echoes.  The  opinion  offered  by  auditors  that 
the  echoes  had  generally  disappeared  was,  of  course,  the  most  satisfac- 
tory evidence.  One  test  was  made  by  talking  through  a  megaphone 
toward  different  walls  (Fig.  8).  The  sound  was  generated  inside  a 
small  house  and  its  direction  of  propagation  controlled  by  two  mega- 
phones, one  being  pointed  toward  an  observer  and  the  other  toward  a 
wall  which  previously  gave  echoes.  No  distinct  echo  could  be  obtained 
by  speaking  simultaneously  into  the  two  megaphones.  The  ticks  of 
a  metronome  produced  very  little  additional  effect,  but  when  a  sharp 
intense  metallic  sound  was  tried,  echoes  were  obtained  from  the  un- 
padded walls  but  only  faint  responses  from  the  padded  walls.  The 
intense  hissing  sound  of  an  arc  light  backed  by  a  parabolic  reflector 
gave  more  pronounced  results.  It  showed  that  the  padded  walls  pro- 
duced a  marked  effect  in  reducing  the  intensity  of  the  sound. 
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Fig.  8.     Photograph  of  stage  setting  showing  experimental  house  with 
megaphones  used  for  testing  echoes 


The  effect  of  the  unpadded  pendentives  in  the  rear  dome  surface  is 
shown  in  Fig.  9.  The  cone  of  incident  sound  received  by  each  pen- 
dentive  is  small  and,  after  reflection,  spreads  over  a  large  area.  It 
was  therefore  anticipated  that  little  disturbance  would  result.  This 
prediction  was  not  entirely  correct  since  the  echoes  reported  by  audi- 
tors, so  far  as  could  be  ascertained,  came  from  these  two  walls.  An 
echo  was  perceptible  when  the  speaker  faced  directly  toward  one  of 
these  pendentives  so  that  the  profile  of  his  face  was  seen  by  an 
auditor  seated  at  one  side  of  the  auditorium.  The  direct  sound  coming 
to  the  auditor  was  then  diminished  while  the  reflected  sound  was  aug- 
mented, thus  producing  an  echo. 

Other  unpadded  walls,  notably  the  side  walls  under  the  balcony, 
still  set  up  concentrations  of  sound.  Thus,  an  observer  at  A,  Fig.  10, 
can  hear  not  only  the  direct  sound  from  the  speaker,  but  also  the  por- 
tion that  is  concentrated  by  reflection  from  B.  He  does  not  hear  an 
echo  because  the  time  interval  between  the  direct  and  reflected  sounds 
is  too  short  to  enable  his  ear  to  detect  them  separately.    The  result  is 


14  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


Fig.  9.  Diagram  showing  the  reflection  of  sound  from  the  unpadded 
pendentive  in  the  rear  wall.   echoes  set  up  by  this  wall  can  occasionally 

BE    NOTED 

much  the  same  as  if  his  neighbor  on  the  side  toward  the  wall  were  to 
say  the  words  of  the  speaker  in  his  ear  at  the  same  time  that  he  re- 
ceived them  from  the  speaker.  The  auditor  realizes  that  something 
is  peculiar  about  the  sound  but  usually  does  not  understand  the  cause 
of  the  trouble.  An  auditor  at  C,  however,  may  get  an  echo  when  the 
speaker  faces  the  point  D. 

7.  Investigation  of  tJie  Reverberation. — By  means  of  Sabine's  for- 
mula and  coefficients  of  absorption*  the  time  of  reverberation  of  the 
Auditorium  was  found  and  a  calculation  was  made  to  determine  the 
amount  of  sound  absorbing  material  necessary  to  correct  the  fault. 
The  following  tabulation  shows  the  method  employed : 

•American  Architect,  1900. 
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^ r 

FLOOR.  PLAN 

Fig.  10.    T.l,an  of  Auditorium  showing  concentration  of  sound  by  thk 
walls  under  the  balcony 

Material  Exposed  Area  Coeff.  of  Total 

in  sq.  meters  Absorption  Absorption 

Plaster  on  lath 2000  0.0330  66.0 

Plaster  on  tile  510  0.0250  13.0 

Wood  work 1630  0.0610  99.0 

Glass    83  0.0270  2.3 

Cocoa  matting  145  0.0200  2.9 

Wood  seats 2150  seats  0.0082  17.7 

201 

Average  audience 1200  people  0.44  527 

Total        728 
Volume  of  room 12000  cubic  meters. 
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Substituting  these  data  in  the  formula  t =0.164  V—-a,  in  which  t  is  the 
time  of  reverberation,  V  the  volume  of  the  room  and  a  the  total  ab- 
sorbing power,  the  following  equation  for  the  empty  room  is  obtained : 

*=0.164X  12000^201=9.8  seconds. 

When  an  audience  of  1200  people  is  present, 

f=0.164Xl2000-f-728=2.7  seconds. 

This  value  is  too  great  for  good  acoustics  and  a  reverberation  re- 
sults. To  correct  the  fault,  absorbing  material  should  be  added  until 
the  time  of  reverberation  is  reduced  to  about  1.8  seconds;  this  value 
having  been  found  satisfactory  for  halls  as  large  as  the  Auditorium 
when  used  for  both  music  and  speaking. 

The  amount  of  Akustikos  Felt  needed  to  carry  out  the  plans  al- 
ready described  was  3315  square  feet.  This  was  less  than  the  area 
necessary  for  felt  mounted  snug  against  the  wall  since  the  coefficient 
of  absorption  is  greater  when  the  felt  is  mounted  out  from  the 
wall.*  Calculations,  which  allowed  for  the  sound  absorbing  power  of 
the  felt  and  the  other  alterations  in  the  Auditorium  indicated  that 
the  time  of  reverberation  would  be  reduced  to  about  1.90  seconds  with 
1200  people  present. 

V.     Discussion  and  conclusions. 

The  Auditorium  fulfilled  the  theory  held  many  years  ago  by  Lord 
Rayleigh*  that  a  large  room  with  hard,  non-porous  walls  and  with 
few  windows  has  a  prolonged  resonance,  and  that  the  best  chance  of 
improvement  lies  in  padding  the  walls  and  ceiling  with  sound  absorb- 
ing materials.  Thus,  the  installation  of  hair  felt  in  the  Auditorium 
reduced  the  reverberation ;  the  amount  of  reduction  being  calculated 
in  advance  by  Sabine 'sf  formula  and  constants  of  absorption. 

The  amount  of  hairfelt  necessary  to  correct  the  reverberation  was 
insufficient  to  cover  all  the  walls,  and  it  was  found  that  some  of  these 
unpadded  surfaces  still  produced  echoes.  This  action  was  anticipated 
in  part  from  the  general  considerations  discussed  by  RayleighJ  in 
which  the  possibility  of  reflection  of  sound  was  shown  to  depend  on  the 
positions  of  the  source  and  receiver  of  sound,  and  also  upon  the  size 
and  form  of  the  wall  compared  with  the  wave  length  of  the  incident 
sound. 


*Sabine.     Architectural  Quarterly  of   Harvard    University,  p.  22,  March,  1912. 
*Theory  of  Sound,  Vol.  2,  pp.  287  and  351. 
tAmeriean  Architect,  1900. 
JTheory  of  Sound,  Vol.  2,  p.  2S°. 
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The  installation  in  an  auditorium  of  considerable  sound  absorbing 
material  eliminates  the  objeetional  condition  of  satisfactory  reverbera- 
tion being  wholly  dependent  on  the  sound  absorbing  power  furnished 
by  an  audience.  This  means  that  rehearsals  without  an  audience  can 
be  conducted  satisfactorily  and  that  a  speaker  addressing  a  small 
audience  is  not  obliged  to  contend  with  a  distressing  reverberation. 

The  theoretical  advantages  in  absorbing  and  breaking  up  sound 
waves  when  hair  felt  is  mounted  out  from  a  wall  instead  of  placed 
snugly  against  the  surface  do  not  appear  to  be  so  great  as  expected. 
Observers  listened  to  sounds  reflected  from  both  types  of  surface  and 
concluded  that  a  surface  having  the  hair  felt  mounted  out  from  the 
wall  was  more  efficient.  The  conclusions,  however,  should  be  checked 
by  quantitative,  instrumental  measurements  since  the  ear  is  inaccurate 
in  its  estimation  of  the  comparative  intensities  of  different  sounds.* 
It  appears  that  the  felt  is  more  effective  when  mounted  out  from  the 
wall,  but  there  is  some  question  whether  or  not  the  advantages  se- 
cured justify  the  additional  expense  of  installation  and  the  greater 
risk  of  fire. 

The  music  of  the  pipe  organ  emerging  in  large  volume  from  the 
pendentives  in  the  dome  introduced  concentrations  of  sound  different 
from  those  set  up  when  the  source  of  sound  was  on  the  stage.  This 
made  it  desirable  to  pad  other  walls  in  addition  to  those  requiring 
padding  for  the  single  source  of  sound. 

The  effect  of  the  organ  music  confirmed  one  conclusion  set  forth 
by  Jagert ;  namely,  that  the  strength  of  the  source  of  sound  for  good 
acoustics  should  be  iii|  correct  proportion  to  the  volume  of  the  room. 
It  appears  that  the  Auditorium  is  too  small  for  loud  organ  music  since 
the  sound  in  this  case  becomes  unpleasantly  intense.  On  the  other 
hand,  it  appears  that  the  volume  is  fairly  well  suited  for  softer  organ 
music  and  for  a  weak  source  of  sound,  such  as  a  speaker  with  a  mod- 
erate voice.  In  this  connection  Jager  contends  that  an  auditorium 
is  limited  in  its  acoustical  possibilities ;  that  if  a  room  is  too  large, 
it  is  impossible  to  make  it  satisfactory  for  weak  sources  of  sound.  He 
points  out  also  that  the  problem  of  correcting  faulty  acoustics  must 
include  a  consideration  of  intensity  of  sound  as  well  as  of  reverbera- 
tion; that  is,  the  variable  factors  at  command,  the  volume  and  ab- 
sorbing power  of  the  room  and  the  source  of  sound,  must  be  so  propor- 


•Rayleigh,  Scientific  Papers,  Vol.  II,  p.  132. 

t"Zur  Theorie  des  Xachhals, "  Sitzu.ngsberichten  der  Kaiserl.  Akademie  der 
Wissenschaften  in  Wien.  Matem-naturw.  Klasse;  Bd.  CXX,  Abt.  Ila,  Mai, 
1911. 
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tioned  as  to  give  not  only  a  suitable  reverberation  but  also  an  accepta- 
ble intensity  of  sound.  He  discusses  the  limitations  in  obtaining  this 
desired  result. 

Another  deduction  made  by  Jager  which  applies  rather  directly  to 
the  Auditorium  is  that  the  ratio  S/W  should  be  large  for  good  acous- 
tics, in  which  S  is  the  total  surface  of  Avails,  furniture,  and  fixtures 
struck  by  the  sound  and  W  is  the  volume  of  the  interior.  Theoretically, 
this  ratio  is  smallest  for  a  sphere,  and,  since  the  Auditorium  approx- 
imates a  hemisphere,  the  excessive  reverberation  might  have  been  pre- 
dicted. 

Reverberations  and  echoes  were  corrected  simultaneously  by  in- 
stalling a  suitable  amount  of  hair  felt  on  the  walls  which  produced 
echoes.  To  locate  these  walls,  a  new  method  was  developed  in  which 
the  source  of  sound  was  an  arc  light  as  explained  earlier  in  this  bul- 
letin. 

The  investigation  showed  that  curved  walls  are  worse  acoustically 
than  plane  walls  since  they  produce  undesirable  concentrations  of 
sound  and  echoes.  It  also  appears  that  the  openings  in  the  penden- 
tives  for  the  organ  music  and  the  ventilation  openings  act  similarly 
to  open  windows  and  thus  reduce  reverberation  and  diminish  echoes. 

One  acoustical  disturbance  which  was  not  corrected  was  that  due 
to  talking  and  walking  in  the  foyer  and  on  the  stairs  immediately  out- 
side the  Auditorium.  The  sounds  of  footsteps  and  the  reverberation 
caused  by  loud  talking  and  accidental  noises  in  the  foyer  could  be 
reduced  by  covering  the  stairs  and  foyer  with  a  yielding  material, 
such  as  cork  and  by  padding  some  of  the  walls. 

It  is  apparent  from  this  discussion  that  the  means  employed  to 
correct  the  acoustics,  as  exemplified  by  this  complex  problem,  were 
based  upon  established  scientific  principles  and  this  investigation  and 
others  of  like  nature  have  served,  to  a  large  extent,  to  dispel  the  mys- 
tery surrounding  the  action  of  sound  in  auditoriums. 
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Whitman,  F.  P.  "  On  the  Acoustical  Efficiency  of  a  Sounding  Board. ' ' 
Science,  Vol.  38,  p.  707,  November  14,  1913.     A  short  account  of 


20  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 
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DRY  PREPARATION  OF  BITUMINOUS  COAL  AT 
ILLINOIS  MINES. 

INTRODUCTION. 

Coal,  as  it  comes  from  the  mine,  is  not  usually  in  condition  for 
direct  delivery  to  the  consumer,  but  must  be  first  subjected  to  treat- 
ment or  preparation  in  order  to  remove  impurities  and  to  secure 
the  sizes  suitable  for  the  different  markets. 

"Preparation"  of  coal  is  understood  generally  to  include  that 
set  of  operations  which  begins  after  the  coal  is  delivered  to  the  mine 
tipple,  and  ends  when  the  loaded  railroad  cars  at  the  mine  are  weighed 
and  ready  for  shipment.  It  is,  however,  often  difficult  to  state  the  exact 
points  at  which  preparation  of  coal  begins  and  ends.  On  the  one 
hand,  preparation  encroaches  on  the  domain  of  the  miner  because 
much  of  the  impurity  may  be  separated  from  the  coal  at  the  face 
underground  and  because  of  the  natural  production  there  of  various 
sizes  of  coal.  On  the  other  hand,  coal  is  subjected  to  breakage  and 
inspection  after  being  shipped  to  market,  and  therefore  repreparation 
may  be  necessary  after  delivery  and  before  consumption.  Thus, 
preparation  may  enter  the  province  of  the  mechanical  or  fuel  engineer. 

In  1909  a  committee  of  the  International  Railway  Fuel  Association, 
appointed  to  inquire  into  the  difficulties  encountered  in  producing  clean 
coal,  reported  the  causes  for  poor  coal  as  follows  :* 

(1)  The  physical  conditions  of  the  seam,  mine,  and  mine  equip- 
ment. 

(2)  The  class  of  labor  that  produces  and  handles  the  coal. 

(3)  The  conditions  surrounding  the  sale  of  the  coal,  including 
the  prices  obtained. 

Any  or  all  of  these  conditions  may  seriously  affect  the  prepara- 
tion required  by  Illinois  coal. 

In  this  bulletin  the  mining  and  marketing  of  the  coal  are  dis- 
cussed from  the  standpoints  of  contained  impurities  and  breakage  only 
as  these  affect  preparation  in  the  tipple  and  auxiliary  buildings. 
Preparation  of  coal  may  be  divided  into  two  separate  and  distinct 
processes:  (1)  Wet  preparation,  called  coal  washing  or  jigging. 
(2)  Dry  preparation,  including  weighing,  screening,  dry  cleaning,  and 
loading.  The  first  division  of  the  subject  has  been  covered  by  F.  C. 
Lincoln  in  Bulletin  No.  69  of  the  Engineering  Experiment  Station 
of  the  University  of  Illinois,  under  the  title  "Coal  Washing  in  Illi- 
nois," and  will  not  be  considered  here. 

In  the  early  days  of  coal  preparation  in  the  anthracite  regions 
of  Pennsylvania  coal  was  frequently  washed  or  rinsed  with  a  spray 
of  water  in  order  to  make  easier  the  detection  of  intermixed  refuse 
and  to  give  it  a  better  market  appearance.     Afterwards,  cleaning  of 


*Proceedings  of  the  First  Annual  Convention,  1909,  p.  13. 
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coal  by  jigging  was  introduced  and  called  coal  washing,  and  thus  the 
same  term  was  applied  to  two  different  processes  of  coal  preparation, 
giving  rise  to  some  confusion.  Since  in  this  state,  in  at  least  one 
instance,  coal  has  been  rinsed  by  a  spray  of  water  before  hand  pick- 
ing, this  process  will  be  called  rinsing  and  not  washing,  in  order  to 
avoid  confusion  with  true  coal  washing  or  jigging. 

The  subject  of  dry  preparation  has  been  divided  into  two  parts, 
the  first  of  which  considers  the  development,  the  standard  methods, 
and  the  products  of  present  practice  and  is  treated  in  this  bulletin. 
The  second  part,  which  will  be  an  engineering  discussion  of  the  machin- 
ery, appliances,  and  costs  of  preparation,  will  be  covered  by  future 
work. 

The  subject  matter  of  the  present  bulletin  is  subdivided  as  follows  : 

Chapter  I.     Evolution  of  present  preparation  practice. 

Chapter  II.  Standard  types  of  Illinois  coal  mine  tipples  or 
preparation  plants. 

Chapter  III.  Impurities  and  breakage  of  the  coal,  making 
preparation  necessary. 

Chapter  IV.     Sizing  and  sizes  of  Illinois  coal. 

This  bulletin  is  not  intended  as  a  reference  for  all  the  machinery 
and  appliances  used  in  dry  coal  preparation  in  this  state,  but  merely 
outlines  the  standard  practice ;  therefore  the  inclusion  and  description 
of  certain  appliances  do  not  imply  preferences,  but  rather  indicate 
that  data  were  available  concerning  them,  that  they  illustrate  the 
principle  of  a  process,  or  that  they  are  in  common  use. 

Data  for  this  bulletin  were  gathered  by  an  inspection  of  about 
fifty  mine  tipples  in  Illinois  during  the  summer  of  1914,  followed  by 
visits  or  letters  to  the  offices  of  many  of  the  producing  coal  companies 
in  this  field.  Access  was  also  had  to  the  data  of  the  Illinois  Co-opera- 
tive  Coal    Mining   Investigation. 

The  author  wishes  to  thank  Prof.  H.  H.  Stoek,  in  charge  of  the 
Department  of  Mining  Engineering,  of  the  University  of  Illinois,  with- 
out whose  cooperation  the  bulletin  could  not  have  been  written. 
Various  engineering  firms,  including  the  Allen  and  Garcia  Company, 
The  Link  Belt  Company,  Roberts  and  Schaefer  Company,  and  the 
Wisconsin  Bridge  and  Iron  Company,  all  of  Chicago,  aided  freely  by 
suggestions  and  by  drawings.  Acknowledgment  is  due  the  various 
mining  companies  visited  for  their  interest  and  the  uniformly  courteous 
treatment  received  from  their  staffs. 


CHAPTER  I. 
Evolution  of  Present  Preparation  Practice, 
development  of  coal  preparation. 

During  the  year  ended  June  30,  1915,*  the  mines  of  Illinois 
produced  57,601,694  short  tons  of  coal,  valued  at  the  mines  at  about 
$1.14  per  ton  or  at  a  total  value  of  $65,665,931.16.  Of  this  total 
about  4,000,000  tons  were  treated  by  washing,  while  53,600,000  tons 
were  prepared  to  a  greater  or  less  degree  in  the  dry  state,  principally 
by  screening  or  sizing,  and  by  picking.  The  run  of  mine  coal  pro- 
duced amounted  to  more  than  10,000,000  tons  or  17.3  per  cent  of  the 
total;  lump  coal  amounted  to  19,200,000  tons  or  33.3  per  cent;  egg 
coal,  8,700,000  tons  or  15.1  per  cent;  nut  coal,  3,800,000  tons  or  6.7 
per  cent;  and  pea,  screenings,  and  slack  coal,  15,900,000  tons  or  27.6 
per  cent.  The  exact  significance  of  these  terms  for  designating  sizes,  is 
explained  fully  on  page  103.  Briefly,  "run  of  mine"  coal  refers  to 
coal  shipped  as  it  is  mined,  all  sizes  being  mixed  together.  Lump 
coal  refers  to  the  largest  sizes  of  coal,  from  which  the  fines  have  been 
taken  by  screening;  thus,  lump  is  made  over  screens  ranging  in  size 
from  a  %-inch  round  hole  up  to  8-inch  round  hole.  If  the  coarser 
sizes  of  screens,  with  5-inch  or  6-inch  holes  are  used,  the  coal  is 
passed  over  another  set  of  screens  having  perhaps  3-inch  round  holes, 
the  oversize  produced  being  called  egg  coal.  Nut  coal  refers  usually 
to  sizes  made  between  1-inch  and  3-inch  round  hole  screens.  Pea 
coal  is  somewhat  smaller,  generally  below  1  inch,  and  having  only  the 
finest  sizes,  say,  under  5/16  inch  round  or  square  hole  taken  out.  The 
smallest  sizes  of  coal  remaining  after  these  processes  are  performed 
are  usually  called  slack.  The  term  screenings  usually  refers  to  sizes 
of  coal  passing  2-inch  or  1 34-inch  round  hole  screens  from  which  no 
smaller  sizes  have  been  taken.  The  washing  preparation  in  Illinois  is 
confined  entirely  to  coal  under  three  inches  in  size. 

The  growth  of  the  coal  mining  industry  in  Illinois,  and  the  increas- 
ing importance  of  coal  preparation  are  shown  in  Fig.  3,  which  is  based 
on  production  figures  compiled  from  the  annual  Illinois  coal  reports 
from  1882  to  1915.  It  should  be  remembered  in  considering  these 
figures  that  during  the  earlier  years  a  larger  percentage  than  at  pres- 
ent of  the  total  tonnage  came  from  longwall  mines,  which  make  less 
fine  coal  than  the  pillar  and  room  mines. 

In  most  bituminous  coal  fields  the  first  seams  mined  were  thick 
and  contained  the  best  quality  of  coal  with  a  minimum  of  impurities. 
At  first  only  lump  coal  was  considered  of  value.  Later  it  became 
necessary  to  mine  relatively  impure  seams  or  thinner  seams  which, 
owing  to  the  admixture  of  roof  and  floor  impurities  with  the  smaller 
amount  of  clean  coal,  might  produce  a  coal  which  is  relatively  impure 
and  which  in  either  case  must  be  cleaned  and  otherwise  prepared  for 
the  market.     Consumers  also  become  more  exacting  as  to  size  and 
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quality  of  the  fuel  and  the  general  increasing  value  per  ton  permits 

more  careful  preparation  of  the  impure  coal  and  of  the  smaller  sizes. 

Germany,  forced  to  use  her  lower  grades  of  coal  and  to  mine  the 

thinner  seams,  led  the  way  by  introducing  bituminous  coal  preparation 
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Fig.  3.     Yearly  Pboduction  of  Different  Sizes  of  Coal  in  Illinois 

(1880-1915). 

in   the   decade,    1870-1880.      France   and    England   followed   as   like 
pressure  was  felt,  until  by  1895  preparation  by  sizing  and  cleaning 
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was  highly  developed  in  these  countries.  One  German  colliery  at  the 
present  time  prepares  twenty  sizes  and  grades  of  bituminous  coal. 
Belgium  divides  her  small  production  into  five  degrees  of  quality  and 
into  twelve  standard  sizes.  In  general,  European  technique  in  bitu- 
minous coal  preparation  is  more  advanced  than  in  this  country. 

In  America  the  close  sizing  and  extensive  preparation  of  Penn- 
sylvania anthracite  have  been  notable  for  nearly  half  a  century. 
Probably  the  first  bituminous  region  in  the  United  States  in  which 
close  attention  was  given  to  preparation  was  the  Fairmount  region  in 
West  Virginia,  in  which  sorting  and  cleaning  had  become  general  by 
VW. 

In  Illinois  close  preparation  has  been  developed  although  scarcely 
l/2  per  cent  of  the  coal  resources  have  been  extracted.  The  attention 
given  to  careful  preparation  has  been  increasing  since  the  early  nine- 
ties, the  progress  during  the  past  seven  years  having  been  especially 
marked.     The  causes  for  this  development  are: 

(1  )  The  introduction  of  state  laws  regulating  the  weighing  of 
coal  and  the  basis  of  payment  to  the  miner  for  his  coal. 

(2)  The  various  struggles  and  consequent  agreements  between 
operators  and  miners  dealing  chiefly  with  payment  for  mining  and 
with  the  cleaning  of  coal. 

(3 )  The  demand  of  the  consumers,  who,  having  become  educated 
by  the  publicity  given  during  the  past  few  years  to  the  purchasing  of 
coal  on  specifications,  are  no  longer  content  with  .the  grades  of  coal 
they  received  a  decade  ago. 

( 4 )  The  campaigns  waged  by  the  cities  to  abate  the  smoke 
nuisance. 

(5)  The  excessive  competition  among  producers,  caused  not 
only  by  the  operation  of  too  many  mines  and  the  consequent  desire 
to  keep  these  in  constant  operation ;  but  also  by  the  maintenance  of 
highly  organized  selling  departments,  which  have  a  tendency  to  intro- 
duce new  sizes  and  trade  names  for  coal. 

(6)  The  general  introduction  of  improved  machinery  used  in 
coal   mine   tipples   to   prevent   breakage   and    facilitate    preparation. 

HISTORICAL    DEVELOPMENT    OF    ILLINOIS    PREPARATION    PRACTICE. 

Early  History  and  Methods. — Before  the  general  advent  of  rail- 
roads in  the  middle  of  the  19th  century  coal  from  Illinois  mines  was 
transported  largely  by  boat  on  the  Illinois  and  Mississippi  rivers. 
Gordon  Buchanan*  states  that  the  early  railroads  hauled  coal  into 
Chicago  with  engines  that  burned  wood.  A  large  proportion  of  the 
tonnage  in  these  early  days  came  from  the  northern  or  longwall  dis- 
tricts in  which  the  proportion  of  large  clean  lump  or  chunk  coal  is 
high.  This  coal  requires  little  preparation.  The  earlier  U.  S.  Census 
Reports,  particularly  those  of  1870  and  1880,  give  statistical  information 
concerning  Illinois  production,  but,  since  little  weighing  was  done  at 


*Black  Diamond.  May   17.   1913,  p.  16. 
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the  mines  at  that  time,  such  information  probably  is  not  so  accurate 
as  that  contained  in  later  statistical  records. 

Little  information  concerning  the  preparation  of  Illinois  coals 
prior  to  1882  is  available.  The  second  biennial  report  of  the  Illinois 
Bureau  of  Labor  Statistics,  published  in  1882,  contains  the  first  annual 
report  on  the  coal  industry  of  the  state,  although  the  first  biennial 
report,  published  in  1880,  contains  the  reports  of  coal  mine  inspectors 
to  the  governor  of  the  state  for  the  years  1879  and  1880.  From  1882 
until  1911  the  Bureau  issued  each  year  an  annual  report  or  compilation 
of  statistics  on  the  coal  mining  industry  of  the  state.     After  the  first 


Fig.  4.     The  Miner's  Rake    (Wooden  and  Iron).     Pan  and  Sledge. 

Museum,    Department   of   Mining    Engineering, 

University  of  Illinois. 

two  years  it  became  the  duty  of  the  various  mine  inspectors  to  gather 
data,  which  was  in  turn  compiled  by  the  secretary  of  the  Bureau. 
Since  1911  these  annual  coal  reports  have  been  issued  by  the  State 
Mining  Board. 

The  expression  "coal  is  coal"  might  appropriately  be  used  in 
speaking  of  the  early  periods  of  mining  in  Illinois,  since  the  practice 
of  selling  coal  as  brought  to  the  surface  with  no  attempt  at  prepara- 
tion before  shipment  was  generally  followed.  A  rough  separation  of 
the  fines  from  the  lump  coal  took  place  underground  at  the  face  and 
during  the  period  of  loading  the  coal  into  the  mine  cars.  Instead  of 
the  customary  miner's  shovel  of  today  the  coal  was  loaded  with  a 
tined  fork,  having  spaces  between  the  tines  of  from  ^4  mcn  to  1^ 
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inches.  This  allowed  the  finer  coal  to  pass  through  the  fork,  after 
which  it  was  thrown  back  into  the  gob  and  left  in  the  mine.  While 
such  a  fork  is  still  used  at  coke  ovens  to  free  the  coarse  coke  from  the 
"breeze"  during  the  loading  process  and  is  also  used  by  retail  coal 
dealers  for  the  purpose  of  delivering  clean  coarse  coal  when  necessary, 
it  has  passed  out  of  use  in  the  preparation  of  Illinois  coals,  excepting 
in  some  of  the  small  local  and  cooperative  mines. 

The  common  round  hand  screen,  or  coal  miner's  riddle,  with 
square  mesh  wire  cloth,  having  perforations  varying  from  ^  inch  to 
2  inches  in  size,  was  also  used  by  the  loaders  underground  for  screen- 
ing out  the  smaller  coal  which  was  to  be  left  in  the  mine  and  for 
carrying  the  coarser  coal  to  the  mine  car. 

The  rake  and  pan  method  of  loading  coal  was  formerly  in  common 
use  in  Illinois  mines.*  After  the  largest  lumps  of  coal  had  been  loaded 
into  the  mine  car  by  hand,  the  remainder  was  raked  onto  an  iron  or 
wooden  plate  or  pan  and  transferred  to  the  mine  car,  while  the 
fine  coal  and  dirt  not  gathered  by  the  rake  were  left  in  the  mine. 
"The  pan  was  in  fact  a  hand  scoop  made  of  sheet  wrought  iron  or  steel, 
the  front  end  being  flat  and  open,  the  sides  being  usually  curved  out- 
ward and  upward  with  handles  affixed  for  lifting  and  carrying;  they 
were  also  made  with  straight  sides.  The  back  of  the  pan  was  straight 
up.  The  conditions  under  which  the  pan  was  used  varied  its  dimen- 
sions. The  purpose  of  the  pan  was  to  have  only  clean  lump  coal 
carried  to  the  pit  box  or  car ;  and  whether  this  coal  was  loaded  on 
the  pan  by  hand  or  scraped  on  by  a  rake  or  fork,  the  end  attained  was 
the  same.  In  some  parts  a  penalty  was  attached  to  any  person  found 
loading  coal  with  a  shovel."} 

Fig.  4,  is  a  photograph  of  an  old  pan,  part  of  a  wooden  rake, 
an  iron  rake,  and  a  sledge  recently  found  in  abandoned  workings  in 
the  Belleville  district,  and  presented  to  the  Mining  Museum  of  the 
University  of  Illinois.  These  implements  were  practically  out  of  use 
by  1884.  They  were,  however,  used  in  a  few  mines  until  the  strike  of 
1897,  after  which  their  use  was  discontinued. 

Another  common  method  of  preparation  underground  was  by  the 
use  of  "grills"  or  wooden  bar  screens.  These  were  wooden  bars, 
spaced  ^  inch  to  2  inches  apart,  nailed  into  a  wooden  framework, 
and  set  up  at  an  angle  of  about  45  degrees.  The  coal,  before  being 
loaded  was  shoveled  against  these  bars.  The  finer  coal  which  passed 
through  the  bars  was  left  in  the  mines  and  the  oversize  was  rehandled 
and  loaded.  Similar  practice  may  be  seen  with  the  common  gravel 
screen  of  today. 

The  forms  of  underground  preparation  described  made  unneces- 
sary the  loading  and  hoisting  of  a  product  then  considered  useless ; 
namely,  coal  equivalent  in  size  to  the  screenings  of  today.  Although 
a  limited  amount  was  utilized  in  the  eighties,  screenings  were  not  even 

♦Report  of  111.  Bureau  of  Labor  Statistics,  1897,  p.  xxxv. 

fW.  L.  Morgan,  Ex-State  Mine  Inspector.     Personal  communication. 
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considered  as  a  coal  in  the  tonnage  reports  of  the  State  Bureau  of 
Labor  Statistics  until  1891,  and  in  some  districts  it  was  not  until 
1900  that  they  became  a  commercial  product.  The  use  of  screenings 
began  to  assume  important  proportions  about  1895.  The  total 
estimated  production  of  lump  coal  for  the  period  from  the  beginning 
of  the  industry  (about  1830)  to  1895  is  273,000,000  tons.  The  first 
report  including  screenings  in  the  tonnage  (1891)  showed  that,  con- 
sidering the  state  as  a  whole,  17.24  per  cent  of  the  coal  produced 
was  screenings.  If  this  average  be  accepted  for  the  preceding  years 
there  was  probably  a  total  of  more  than  57,000,000  tons  of  this  small 
coal,  which  was  either  mined  and  left  underground  to  be  buried 
beneath  the  falling  mine  roof  and  consumed  in  gob  fires  or,  if  separated 
on  the  surface,  was  hauled  to  dump  piles  and  there  destroyed  by  spon- 
taneous combustion. 

When  the  mines  grew,  when  steam  hoists  and  improved  systems 
of  underground  haulage  were  generally  introduced,  and  when  labor 
cost  underground  and  the  value  of  fine  coal  or  screenings  increased,  the 
coal  was  hoisted  as  mined  and  prepared  in  the  mine  surface  build- 
ings or  tipple.  The  introduction  and  use  of  the  automatic  stoker 
with  fine  hole  or  chain  grates  and  other  special  grates  which  made 
possible  the  generation  of  power  from  the  finer  sizes  of  coal  were 
important  factors  in  the  increase  in  use  and  value  of  these  small 
sizes  of  coal.  Such  devices  were  introduced  into  Illinois  about  1890 
and  during  the  succeeding  ten  years  their  use  in  large  power  plants 
became  general.  Then  the  consumer  with  the  average  steam  plant  real- 
ized the  possible  saving  through  their  use  in  connection  with  cheap  coal 
screenings,  and  within  a  few  years  these  stokers  became  common.  Now, 
there  is  a  constant  demand  for  the  once  despised  waste  product,  coal 
mine  screenings. 

Weighing  Practice. — Formerly  payment  to  the  miner  and  operator 
alike  was  made  almost  wholly  on  the  basis  of  the  bushel,  there  being 
usually  25  to  28  bushels  to  the  ton.  This  standard  is  still  used  at 
some  of  the  country  "banks"  or  local  mines.  In  some  places  an 
arbitrary  standard  was  based  on  the  volume  of  the  box  or  contents 
of  the  mine  car.  An  early  report*  records  prices  paid  to  the  miner 
based  not  only  on  the  short  ton  of  2,000  lb.,  but  also  on  tons  of  2,050 
lb.,  2,100  lb.,  2,200  lb.,  and  2,250  lb. 

By  1880  some  of  the  larger  mines  had  adopted  weight  by  scales 
as  a  basis  of  payment,  such  weights  being  taken  by  company  men, 
while  others  still  adhered  to  the  volume  basis.  This  naturally  led  to 
considerable  trouble  between  operator  and  miner,  which,  together 
with  the  difficulty  experienced  by  the  state  in  gathering  adequate 
statistics  concerning  tonnage,  led  to  the  passage,  in  1883,  of  a  law 
governing  the  weighing  of  coal  at  the  mines.  (111.  L.  1883,  p.  113.) 
The  act  required  that  all  coal  companies  in  the  state,  shipping  coal 
by   rail   or   by   water,    should   provide    standard   track    scales   at   the 


*Report  of   111.  Bureau  of  Labor  Statistics,   1885,  p.  xxvii. 
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mines  and  should  weigh  all  coal  hoisted  before  or  at  the  time  of 
loading  for  shipment.  The  weights  so  determined  formed  the  basis 
upon  which  the  wages  of  the  miners  were  computed.  The  miners 
could  employ  their  own  check  weighman  who  should  be  an  employee 
at  the  mine.  The  act  seems  to  have  referred  to  lump  coal  only,  since 
screenings  were  not  considered  salable  coal.  The  act  also  declared  that 
all  contracts  for  mining  coal  not  based  on  the  stipulated  requirements 
should  be  null  and  void.  This  was  the  first  attempt  in  Illinois  to 
regulate  preparation  practice. 

Although  most  of  the  shipping  mines  complied  with  the  act,  it 
was  immediately  attacked  in  the  courts,  and  though  held  constitutional, 
it  was  declared  to  apply  only  to  mines  at  which  weight  was  accepted 
as  a  basis  of  payment  (Reinecke  v.  People,  15A,  241).  In  the 
case  of  Jones  v.  People  (110  111.  Rep.  p.  590)  the  law  was  declared 
to  have  no  application  if  the  wages  of  miners  were  computed  on  a 
basis  other  than  that  of  weighing;  namely,  on  the  basis  of  volume;  and 
it  was  not  held  to  require  miners'  wages  to  be  based  on  the  weight  of 
coal  mined. 

The  law  was  amended  (L.  1885,  p.  221)  by  the  addition  of  a 
provision  requiring  shipping  mines  to  keep  their  weights  on  record 
for  inspection  by  miners,  inspectors,  and  other  interested  persons. 
The  law  as  amended  did  not  require  the  check  weighman  of  the  miners 
to  be  an  employee  at  the  mine  in  question,  but  stipulated  that  both  the 
company's  weighman  and  miners'  check  weighman  must  make  affidavit 
faithfully  to  weigh  and  record  the  coal.  In  the  test  case  of  Millet 
v.  People  (111.  Rep.  117,  p.  294)  the  court  decided  that  if  an  operator 
bought  and  sold  coal  by  weight,  the  law  compelled  him  to  keep 
reliable  scales  for  that  purpose,  but  it  did  not  oblige  him  to  make 
contracts  for  coal  on  a  basis  of  weight.  Moreover,  it  was  declared 
that  the  requirement  that  operators  should  keep  a  record  of  weights 
for  public  information  was  the  taking  of  private  property  for  public 
use  without  a  provision  of  just  compensation  and  therefore  was 
unconstitutional. 

A  bill  passed  in  the  state  (L.  1887,  p.  235)  repealed  the  former 
laws  of  1883  and  1885  and  substituted  a  new  law  of  different  word- 
ing but  having  about  the  same  practical  effect.  It  provided,  "that  at  all 
mines,  where  miners  are  paid  by  weight,  a  standard  scale  shall  be 
provided  for  the  weighing  of  all  coal  hoisted  or  delivered."  Accord- 
ing to  this  law  the  check  weighman  should  be  an  employee  of  the 
operators  of  the  mine,  and  all  coal  delivered  by  the  miner  should  be 
weighed  and  the  records  kept  open  for  the  inspection  of  the  miner 
and  other  interested  persons.  This  act  was  held  unconstitutional 
(Harding  v.  People,  111.  Rep.  160,  p.  459)  because  it  singled  out  an 
especial  class  of  mines,  and  interfered  with  the  right  of  the  operators 
and  miners  to  contract  among  themselves. 

A  new  law,  designed  to  correct  the  weaknesses  of  the  old  one, 
was  passed  by  the  legislature  in  1899  (L.  1899,  p.  301),  and  revised 
in  1911  (111.  Stat.  Ann.  Ch.  93,  7501).    Its  provisions  are  substantially 
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as  follows :  Operators  at  mines  where  miners  are  paid  by  weight  of 
their  output  shall  provide  accurate  scales  for  weighing  such  coal  and 
the  record  so  obtained  shall  be  open  to  inspection  by  interested  parties ; 
a  sworn  weighman  shall  be  provided  by  the  company ;  and  the  miners 
may  provide  a  sworn  check  weighman.  This  privilege  is  taken  advan- 
tage of  uniformly  throughout  the  state,  and  there  are  today  never  less 
than  two  men  in  the  weighroom  of  the  mine  tipple.  As  a  result  all 
contentions  as  to  false  weights,  so  prominent  in  the  past,  have  disap- 
peared. 

At  the  present  time,  as  a  rule,  at  mines  where  the  pit  cars  hold 
1^2  tons  or  more,  the  weight  is  read  to  the  nearest  100  lb. ;  that  is, 
the  weighman  and  check  weighman  "give  and  take"  on  50  lb.  If 
the  load  weighs  4,135  lb.,  the  miner  is  credited  with  4,100  lb.,  and 
the  company  gains  the  extra  35  lb. ;  if  the  weight  is  4,165  lb.,  the  miner 
is  credited  with  4,200  lb.  In  mines  with  cars  holding  less  than 
3,000  lb.,  the  weight  is  generally  read  to  the  nearest  50  lb.,  with  "give 
and  take"  on  25  lb.  The  fact  that  at  some  mines  three  cars  per  minute 
are  weighed,  checked,  and  dumped  from  the  tipple  weigh  box,  makes 
it  evident  that  considerable  care  and  engineering  skill  have  been 
devoted  to  bring  tipple  weighing  to  a  degree  which  is  nearly  perfection. 
The  beam  scales  formerly  used  have  in  many  cases  been  replaced  by 
the  self-indicating  dial  scales,  and  in  some  of  the  newer  tipples  by 
automatic  self-recording  weighing  devices.  Thus,  a  just  and  equitable 
system  of  weighing,  giving  satisfaction  to  operator  and  miner  alike,  has 
been  evolved. 

Lump  Coal  vs.  Run  of  Mine  Payment. — During  the  same  period 
in  which  the  troubles  over  weighing  occurred,  a  still  sharper  fight  was 
being  waged  with  reference  to  the  quantity  and  kind  of  coal  for  which 
the  miner  should  be  paid.  It  had  become  customary  at  some  of  the 
larger  mines  to  hoist  all  the  coal  mined,  and  to  roughly  clean  and 
prepare  it  above  ground  before  loading  into  railroad  cars. 

The  common  method  of  procedure  then  followed  in  Illinois,  and 
still  followed  in  Indiana,  Michigan,  Western  Pennsylvania,  and  several 
other  coal  producing  states,  was  to  dump  the  coal  from  the  mine  car 
over  a  bar  screen  in  the  tipple.  This  bar  screen  consisted  of  a  row 
of  iron  bars  about  Y%  inch  wide  and  2  inches  thick,  set  on  edge 
with  a  space  of  about  one  inch  between  the  individual  bars,  the  whole 
rack  being  possibly  6  feet  wide  and  from  8  to  15  feet  long,  and  set 
at  an.  angle  of  from  26  to  45  degrees.  The  oversize  from  the  bar 
screen,  or  coal  too  coarse  to  pass  between  the  bars,  was  weighed 
and  sold  as  lump  coal  and  the  miner  was  paid,  if  by  weight,  accord- 
ing to  the  lump  coal  so  produced.  The  finer  coal  passing  through 
the  screen  bars,  called  slack  or  waste,  was  usually  given  away  or  hauled 
to  a  dump  in  the  neighborhood.  There  was  no  market  for  this  product 
since  it  could  not  be  burned  on  the  type  of  furnace  grates  then  in  use. 

In  the  early  eighties  attempts  were  made  to  recover  a  part  of  these 
screenings.  At  a  number  of  mines  installations  were  made  at  the 
tipple  by  means  of  which  the  screenings  were  elevated  and  rescreened 
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in  a  revolving  screen,  having  holes  about  }4  inch  in  diameter.  The 
material  passing  through  this  screen  was  called  slack  and  was  dis- 
carded. The  oversize,  varying  from  about  Y\  inch  to  1  inch  more  or 
less  in  diameter,  was  called  nut  coal.  This  coal  was  in  considerable 
demand,  especially  as  a  domestic  coal  and  was  used  by  miners  and  by 
the  public  if  the  mines  were  located  in  the  neighborhood  of  a  city.  The 
records  show  that  by  1887  most  of  the  large  mines  in  the  central 
part  of  the  state  were  equipped  to  rescreen  the  small  coal,  and  the 
value  of  this  rescreened,  or  nut  coal,  as  noted  in  several  contracts 
made  between  miners  and  operators,  was  about  one-third  that  of  the 
lump.  The  proportion  of  nut  coal  so  recovered  to  the  lump  varied 
with  the  districts,  the  method  of  mining,  and  the  size  of  screen 
used,  but  was  estimated  as  13  per  cent  of  the  lump.*  This  treatment 
of  coal,  making  lump  as  oversize  on  the  bar  screen,  nut  as  oversize, 
and  slack  as  undersize  in  the  revolving  screen,  probably  constituted 
the  fullest  dry  preparation  that  coal  received  in  1887,  excepting  in 
one  or  two  cases  in  which  four  sizes  were  made,  two  from  the  lump 
and  two  from  the  screenings,  to  meet  the  demand  of  domestic  city 
trade.  By  1891  several  of  the  city  mines  were  making  three  distinct 
sizes  of  screenings.  The  largest,  called  nut,  was  above  1  inch  or  ^ 
inch  in  size ;  the  medium  size,  called  pea,  below  nut  and  above  Yz  inch 
or  l/^  inch,  and  the  slack  below  this  size  was  thrown  away. 

T.  B.  Comstock,t  writing  in  1887  on  coal  mining  in  Illinois, 
said  that  Pennsylvania  methods  were  followed  blindly;  that  market 
rating  of  coals  was  based  on  crude  trials  in  unskilled  hands ;  and 
that  one  of  the  subjects  just  beginning  to  attract  attention  was 
the  sizing  of  coal  for  market.  He  noted  that  assorted  products  from 
one  or  two  mining  plants  in  the  state  threatened  to  revolutionize  the 
trade.  At  these  plants  small  portable  crushers  and  screens  were 
placed  at  the  car  door  to  prepare  the  coal  before  loading,  but  probably 
the  extra  cost  was  not  covered  by  the  increased  profit.  Commenting 
on  the  fact  that  washing  and  other  methods  of  preparation  received 
little  attention,  chiefly  because  consumers  did  not  recognize  the 
enhanced  values  of  prepared  coal,  he  prophesied,  "The  time  will  come 
when  these  advantages  will  appear  as  necessities." 

At  a  few  mines  in  the  state  miners  were  paid  for  gross  weight  of 
coal  hoisted,  an  allowance  agreed  upon  being  made  for  slack.  For 
instance,  at  Oglesby,  in  the  longwall  field,  where  conditions  favored  a 
minimum  of  slack,  36,000  lb.' gross  of  coal  were  required  to  obtain 
payment  on  30,000  lb.  of  lump,  an  allowance  of  16^  per  cent  being 
made  for  slack.  At  Mt.  Olive,  in  the  central  field,  20  lb.  of  coal  were 
deducted  for  slack  from  each  100  lb.  mined,  an  allowance  of  20  per 
cent.  However,  these  were  isolated  instances,  as  four-fifths  of  the 
product  of  the  state  was  screened,  the  oversize  only  being  weighed  and 
paid  for.    The  thought  that  they  did  not  share  in  the  revenue  from  this 

♦Report  of  111.  Bureau  of  Labor  Statistics,  1888,  p.  331. 
tEng.  and  Min.  Jour.,  Vol.  44,  p.  24. 
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merchantable  nut  coal  was  a  source  of  considerable  grievance  among 
the  miners,  but  it  was  overshadowed  by  a  greater  one;  namely,  the 
lack  of  uniformity  in  width  of  opening  and  area  among  the  bar  screens 
at  the  various  mines. 

In  1885  the  secretary  of  the  Illinois  Miners'  Protective  Associa- 
tion issued  a  report,  part  of  which  dealt  with  the  miners'  grievances 
against  the  lack  of  uniformity  of  weighing,  screening,  and  preparing 
coal  for  the  market,  and  in  1886,  the  report  of  the  Illinois  Bureau  of 
Labor  Statistics  (p.  549)  dealt  at  length  with  the  question  of  screens. 
The  report,  of  which  the  following  is  a  condensed  table,  covered 
screening  practice  at  218  mines  in  the  state. 

TABLE  1. 
Screening  Practice  in  Illinois  in  1886. 
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12 
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98 
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23 
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62,972 
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12.6 

10 
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1%" 

60,356 
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14.6 

44 
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VAT 
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1,423,156 

15.6 

25 

665,533 

IVz'-lVs" 

167,220 

832,753 

20.1 

6 

175,409 

2"-2y2" 

49,705 

225,114 

22.1 

Total  218 

7,358,737 

1,101,880 

8,460,617 

13.0 

This  table  represents  80  per  cent  of  the  production  at  that  time, 
based  on  lump  coal.  By  far  the  most  common  width  of  bar  space  was 
%  inch,  62  per  cent  of  the  product  being  so  prepared;  in  fact,  this 
width  of  bar  space  was  recognized  as  a  standard  in  several  parts  of 
the  state.  The  percentage  of  coal  passing  such  a  bar  screen  is  about 
equal  in  amount  to  that  passing  the  lj4-rnch  round  hole  screen  com- 
mon today,  except  that  the  shapes  of  the  larger  particles  of  coal  are 
of  course  different.  This  common  screen,  however,  was  overshadowed 
by  those  with  2-inch  and  even  2j^-inch  spaces.  Such  a  screen  must 
have  allowed  a  considerable  proportion  of  the  miner's  coal  to  pass 
through,  probably  an  amount  equivalent  to  that  passing  a  3-inch  or 
even  a  4-inch  round  hole  screen.  The  average  area  of  screen  used  in 
Illinois  was  about  60  sq.  ft.,  usually  5  ft.  wide  and  12  ft.  long,  but 
certain  screens  were  at  least  16  ft.  long  and  some  had  an  area  as  great 
as  130  sq.  ft. 

This  condition  existed  generally  throughout  the  country.  At 
146  mines,*  taken  at  random  from  bituminous  mines  in  the  United 
States,  the  screens  used  were  mostly  of  %-inch  or  lj^-inch  bar,  though 
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some  had  spaces  as  large  as  2>4  inches.  Forty-four  of  these  mines 
produced  and  paid  on  a  run  of  mine  basis,  while  102  were  operated 
on  the  screened  lump  payment  basis. 

The  cleanness  of  separation  of  lump  and  screenings  was  further 
affected  by  the  slope  of  the  screens.  If  the  screens  were  set  at  a 
low  angle  the  coal  passed  slowly  over  them, — in  some  cases  having  to 
be  pulled  over,  and  thus  a  maximum  of  coal  was  sent  into  the  nut 
or  through  sizes.  One  or  two  strikes  were  caused  because  chains 
or  logs  were  hung  loosely  close  above  the  bar  screens.  According 
to  the  operators,  the  lump  coal  sliding  down  the  bar  screen  with 
considerable  force  was  turned  over  and  freed  from  adhering  dust; 
according  to  the  miners,  the  lump  coal  was  broken  by  such  devices, 
and  passed  through  the  screen  into  the  nut  sizes  for  which  they 
received  no  pay. 

Such  lack  of  uniformity  in  the  preparation  of  coal  led  the  miners 
to  demand  that  screens  be  made  of  uniform  size  and  opening,  and 
that  payment  be  made  for  nut  coal  produced.  They  claimed  that  the 
average  realization  to  the  operator  for  nut  coal  was  five  cents  per 
ton  of  lump  made.  Their  grievances  on  these  subjects  were:  (a)  The 
practice  of  changing  screen  openings  from  time  to  time,  (b)  Screens 
of  largest  size  were  found  where  they  were  least  justified  by  market 
conditions,  (c)  The  operator  using  a  screen  of  only  sufficient  size  to 
clean  his  coal  could  not  compete  with  one  using  a  screen  which  passed 
enough  nut  to  pay  his  expenses,  (d)  The  percentage  of  coal  going 
through  the  screens  was  larger  than  that  necessary  to  clean  it.  (e) 
The  operators  encouraged  the  use  of  an  excessive  amount  of  powder 
in  order  that  they  might  receive  the  benefit  of  the  large  percentage  of 
small  sizes  made  by  it,  and  an  extra  profit  on  the  excess  powder,  (f) 
The  operators  tried  to  force  the  loading  of  the  fine  coal  for  which  the 
miners  received  no  pay. 

The  operators  claimed:  (a)  Coal  had  to  be  screened  to  get 
a  merchantable  grade  of  lump,  (b)  Fair  miners'  wages  were  based 
on  the  percentage  of  lump  and  nut  sold,  even  though  the  miners  were 
nominally  paid  for  lump  only,  (c)  Since  different  degrees  of  friabil- 
ity of  coals,  and  different  methods  of  mining,  tended  to  produce  a 
variation  in  the  percentage  of  finer  sizes,  a  variation  in  the  size 
of  screens  was  necessary  to  make  a  uniform  coal  for  a  common 
market.  For  instance,  coal  shot  off  the  solid  as  in  the  central  part 
of  the  state  made  more  fines  than  that  mined  longwall  and  wedged 
down  as  in  the  northern  fields,  (d)  It  was  necessary  to  load  out  the 
fine  coal  to  prevent  gob  fires. 

Three  remedies  were  proposed:  (a)  To  use  throughout  the 
state  a  uniform  bar  screen  of  not  more  than  %-inch  space,  (b)  To 
pay  miners  pro  rata  per  ton  for  whatever  proportion  of  the  product 
was  sold,  (c)  To  weigh  and  credit  to  the  miners  all  coal  before 
screening. 

Although  the  first  of  the  above  met  with  considerable  favor, 
in  1883  a  bill  requiring  the  use  at  all  mines  of  a  screen  of  uniform 


20  ILLINOIS   ENGINEERING   EXPERIMENT    STATION 

dimensions  and  width  between  bars  failed  to  pass  the  State  Legis- 
lature. In  the  light  of  the  history  of  coal  preparation  revealed  dur- 
ing the  next  few  years,  it  is  a  question  if  the  passage  of  this  bill 
might  not  have  prevented  the  difficulty  caused  by  the  increased  percen- 
tages of  fine  coal  and  refuse. 

Legislation  was  then  proposed  to  weigh  and  credit  to  the  miner, 
before  screening,  all  coal  hoisted.  The  operators  protested  against 
payment  on  the  "mine  run"  basis,  their  arguments  being:  (1) 
Installation  of  new  scales  and  tipples  would  be  necessary.  (2)  Domes- 
tic coal  must  be  lump  to  command  a  good  price.  (3)  An  unskillful 
or  careless  miner  might  make  double  the  amount  of  slack  made  by 
a  careful  one.  (4)  A  dishonest  miner  could  load  dirt  and  rock 
in  the  bottom  of  his  car.  (5)  The  excess  of  powder  used  would 
shatter  the  coal.  (6)  The  proposal  amounted  to  offering  a  premium 
for  dishonest  work.  (7)  They  would  suffer  on  account  of  time 
wasted  by  weighing  in  the  tipple.  (8)  If  a  carpenter  is  paid  for 
his  day's  finished  work,  and  not  for  the  chips  he  makes,  why  should 
a  miner  be  paid  for  the  slack  he  makes? 

To  this  report  a  reply  was  issued,  signed  by  a  committee  of  the 
United  Mine  Workers  of  Illinois,  as  follows : 

(1)  The  miners'  organizations  during  the  last  few  years  had 
forced  some  reduction  in  the  size  of  screens  used.  (2)  Where  no 
miners'  organization  existed,  screens  were  large  enough  to  let  through 
good  sized  coal.  (3)  Some  of  the  mines  had  installed  breakers  to 
crush  lump  coal,  proving  that  fine  coal  was  not  bad.  (4)  There  was 
no  law  in  Illinois  limiting  the  size  of  coal  screens,  which  varied  from 
J4,  inch  to  2y2  inches  between  bars  and  had  an  area  of  from  50  to 
130  sq.  ft.  (5)  Miners  were  forced  to  sign  contracts  stating  that 
screens  might  be  widened  without  violating  such  contracts  between 
operator  and  miner.  (6)  Wages  were  based  on  the  price  of  lump 
coal,  but  the  operator  derived  an  enormous  revenue  from  screenings 
which  was  clear  profit  to  the  owner.  (7)  It  was  shown  that  at  one 
mine  on  the  Illinois  Central  Railroad,  of  1,095  tons  hoisted,  509  tons 
or  46  per  cent,  passed  through  the  screens.  (8)  The  allegation  that 
practical  and  trained  miners  would  attempt  to  produce  slack  was 
denied. 

The  same  question  of  run  of  mine  vs.  lump  coal  payment  was 
fought  out  in  Ohio  in  1913.  A  coal  mining  commission  was  appointed 
by  the  governor  to  inquire  into  the  merits  of  the  matter.  In  its 
report  the  commission  took  up  exactly  the  same  arguments  for  and 
against  as  those  advanced  in  Illinois.  Twenty-five  years  have  thrown 
very  little  new  light  on  the  subject,  the  only  additional  arguments 
presented  by  the  miners  in  Ohio  being  along  the  line  of  conserva- 
tion. They  claimed  that  under  the  lump  system  valuable  coal  was  left 
in  the  ground,  that  pillars  could  not  be  economically  robbed  because 
of  the  undue  crushing  of  the  coal  in  them,  and  that  they  were  unable 
to  make  fair  wages  under  these  conditions.     The  only  new  argument 
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of  the  operators  was  that  a  trial  of  many  years  had  disclosed  the 
detrimental  effects  of  the  mine  run  law  in  Illinois. 

Whichever  side  had  the  better  of  the  argument  in  Illinois,  on 
June  10,  1891,  the  Illinois  Legislature  (L.  1891,  p.  170),  passed  a 
gross  weight  law,  making  it  unlawful  for  an  operator,  whose 
men  are  paid  on  the  basis  of  quantity  of  coal,  to  take  any  portion 
of  the  same  by  any  process  of  screening,  or  by  any  other  device, 
without  fully  crediting  the  same  to  the  miner.  The  law  required 
the  weighing  of  all  coal  in  the  pit  cars  before  being  dumped,  and 
gave  the  miners  freedom  to  choose  their  own  checkweighman.  Nearly 
all  the  mines  which  paid  their  miners  by  weight  complied  with  the  law, 
which,  "as  a  whole,  has  not  seriously  inconvenienced  the  business  in 
spite  of  the  claims  of  the  operator  that  weighing  before  screening 
was  impracticable  without  serious  reconstruction  of  the  surface 
plant."* 

Generally  in  the  American  bituminous  coal  fields,  as  long  as  the 
coal  has  been  paid  for  on  a  screened  coal  basis,  little  attempt  at 
detailed  preparation  has  been  made.  When  paying  for  run  of  mine 
coal,  however,  the  operators  are  forced,  through  a  series  of  new  con- 
ditions, such  as  necessity  of  disposing  of  the  finer  sizes,  or  by  an 
increase  of  refuse  in  the  coal,  to  make  greater  refinement  in  its 
preparation.  Moreover,  when  the  operator  pays  the  miner  for  all 
his  coal  regardless  of  size,  he  may  more  easily  install  whatever  system 
or  make  whatever  sizes  best  meet  his  market  conditions,  since  he 
has  no  agreement  with  the  miners  concerning  screens. 

Operators  in  Illinois  were  now  free  to  screen  and  prepare  the 
coal  as  they  wished.  Consequently,  new  devices  for  preparation  were 
introduced  among  which  was  the  shaker  screen  (see  p.  44),  which 
replaced  the  bar  screen  in  a  number  of  plants.  The  first  screen  of 
this  kind  in  the  state  was  probably  installed  in  1890  at  the  Gillespie 
Colliery  of  the  Consolidated  Coal  Co.  Since  that  time  the  old  bar 
screens  have  been  steadily  replaced  by  shaker  screens.  As  late,  how- 
ever, as  1893,  a  shaker  coal  screen  exhibited  at  the  World's  Columbian 
Exposition  attracted  considerable  attention.  At  a  number  of  plants 
the  bar  screen  was  replaced  by  a  revolving  screen.  It  was  found, 
however,  that  lump  or  larger  sizes  of  coal  were  badly  shattered  dur- 
ing passage  through  this  type  of  screen,  and  their  use  for  lump  coal 
was  gradually  abandoned,  until  at  the  present  time  the  writer  does 
not  know  of  a  single  plant  in  the  state  which  uses  such  a  screen  for 
the  separation  of  the  coarser  sizes.  For  screening  the  finer  sizes  of 
coal,  under  3  inches,  which  are  not  so  much  affected  by  breakage 
from  fall,  the  revolving  screen  held  its  own  until  a  very  recent  period. 

In  1892  the  screening  or  gross  weight  law  of  1891  was  attacked 
in  the  courts  (Ramsey  v.  People,  111.  Rep.  142,  p.  380)  and  declared 
unconstitutional,  since  "it  required,  regardless  of  contract,  payment 
on   the  weight  of   coal   before  it   was   screened,   and   it  thus   so   far 
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limits  the  power  of  employers  and  employees  to  contract,  as  to  deprive 
them  of  property  and  rights  without  due  process  of  law."  In  spite 
of  this  decision,  many  mining  plants  which  had  been  equipped  for 
the  gross  payment  basis  continued  to  use  it  in  preference  to  the  old 
method,  partly  because  consumers  had  begun  to  demand  a  variety 
of  sizes,  which  could  be  produced  more  easily  with  the  new  equip- 
ment. In  some  cases  as  a  result  of  a  decided  increase  in  the  per- 
centage of  screenings  and  contained  dirt,  a  reversion  was  made  to  the 
older  method.  As  contracts  between  operators  and  miners  were 
generally  of  a  local  or  district  nature,  such  changes  were  quite  easily 
made.  On  the  whole  until  1897  the  pendulum  swung  towards  the 
abandonment  of  the  gross  weight  system. 

In  1895  new  complaints  were  made  against  the  enlargement  of 
screen  apertures,  and  it  was  claimed  that  the  weighing  of  the  coal 
was  inaccurate.  The  annual  reports  of  the  State  Board  of  Arbitration 
for  1895,  '96,  '97,  and  '98  cite  numerous  instances  of  coal  mine 
strikes,  the  principal  causes  being  those  just  mentioned  and  the 
renewed  contention  by  the  miners  for  payment  by  the  gross  weight 
system.  The  case  was  aggravated  by  the  general  industrial  depres- 
sion during  these  years  and  by  a  decreased  demand  for  Illinois  coal, 
due  in  part  to  natural  gas  displacing  coal  as  a  house  fuel  in  the 
Chicago  market,*  to  smoke  ordinances  passed  in  the  cities,!  and  to 
the  increased  use  of  Ohio  and  West  Virginia  coal  in  Chicago  and  of 
Missouri  coal  in  St.  Louis.:}: 

On  June  3,  1897,  the  Illinois  Legislature  passed  a  new  gross 
weight  bill,  designed  and  worded  to  overcome  the  legal  objections 
to  the  law  of  1891  and  to  accomplish  all  that  was  intended  by  the 
previous  law.  The  law  (L.  1897,  p.  270)  provided  "that  every  person 
engaged  in  mining  coal  ....  shall  be  paid  in  lawful  money  .... 
for  all  coal  mined  and  loaded  into  the  mine  car  by  him,  including 
lump,  egg,  nut,  pea,  and  slack,  or  such  other  grades  as  said  coal 
may  be  divided  into,  at  such  price  agreed  upon  by  the  respective 
parties." 

As  in  previous  cases  the  act  was  attacked  in  the  courts  (White- 
breast  Fuel  Co.  v.  People,  111.  Rep.  175,  p.  51).  Since  it  was  held 
constitutional  and  is  the  basis  for  present  laws,  not  only  in  this  state 
but  elsewhere,  it  is  interesting  to  note  that,  "the  application  of  the 
act  does  not  extend  to  cases  where  there  is  a  contract  for  compensation 
upon  a  different  basis  than  that  specified  in  the  act,  and  the  employer 
and  miner  are  free  to  contract  at  such  price  as  may  be  agreed  upon 
by  the  respective  parties.  It  does  not  require  that  the  coal  shall  be 
weighed,  or  that  the  same  price  shall  be  paid  for  different  grades." 

The  efforts  of  the  miners  to  obtain  their  demands  and  to  bring 
their  contracts  under  the  provisions  of  the  act  helped  to  bring  on 
the  great  strike  of  1897,  which  began  in  Illinois  July  4,  1897,  and 
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lasted  about  100  days.  The  strike  resulted  in  an  almost  complete 
victory  for  the  miners,  district  after  district  acceding  to  their  demands 
for  higher  wages  and  payment  on  the  gross  weight  basis  when  the  same 
was  not  already  in  force.  The  greatest  change  perhaps  was  made  in 
the  longwall  field.  On  November  22,  1897,  a  joint  conference  of 
miners  and  operators  of  this  field  was  held  in  Joliet,  and  the  gross 
weight  scale  was  adopted  for  the  entire  field.  The  system  of  paying 
for  all  coal  mined,  provided  for  in  terms  of  settlement,  was  considered 
important  enough  to  justify  the  miners  of  the  northern  field  accepting 
a  rate  for  mining  a  few  cents  less  per  ton  than  agreed  upon  at  the 
previous  State  Convention. 

The  report  of  the  Illinois  Bureau  of  Labor  Statistics  for  1897 
contains  a  full  history  of  the  strike.  From  the  viewpoint  of  prepara- 
tion, before  the  strike  at  156  of  284  mines  in  the  state,  miners  were 
paid  on  the  gross  ton  basis  and  at  128  on  the  screened  ton  basis.  After 
the  strike  198  mines  paid  the  miners  on  the  gross  ton  basis  and  only  86 
paid  on  the  screened  ton  basis.  These  totals  included  86.5  per  cent  of 
the  total  coal  mine  employees  in  the  state,  and  probably  about  the  same 
percentage  of  the  total  tonnage.  The  large  mines  were  now  all  in  the 
gross  tonnage  column.  Little  change  resulted  in  the  southern  fields, 
which  previously  had  been  gradually  changing  to  a  mine  run  basis, 
based  either  on  weight  or  on  volume. 

Operators'  and  Miners'  Agreements. — The  miners  of  the  state  had 
now  become  firmly  organized  as  District  No.  12  of  the  United  Mine 
Workers  of  America,  and  following  the  national  convention  of  that 
order  at  Chicago,  January,  1898,  District  No.  12  met  the  Illinois  coal 
operators  associations  at  Springfield,  February  24-26,  1898.  The  wage 
scales  adopted  at  this  joint  conference  by  the  different  state  districts 
were  "understood  in  every  case  to  mean  that  coal  is  to  be  weighed 
before  screening  and  the  system  of  paying  miners  by  the  ton  of 
R.  O.  M.  (run  of  mine)  coal  shall  obtain  in  all  the  mines  in  the 
state  of  Illinois.*  Thus  the  present  system  was  adopted  in  Illinois, 
not  so  much  through  the  strictness  of  the  gross  weight  law,  as  by 
agreement  between  the  operator  and  the  organized  miner. 

The  next  year  (1899)  the  first  complete  state  agreement  regard- 
ing mining  prices  and  general  conditions  was  adopted  at  a  meeting 
between  operators  and  miners  held  in  Peoria.  Concerning  cleaning 
of  the  coal,  no  reference  was  made  in  the  agreement  regarding  the 
mining  of  impurities  or  the  increase  in  amount  of  screenings.  Tes- 
timony given  at  this  meeting,  however,  showed  that  at  Streator  the 
percentage  of  screenings  increased  15  per  cent  and  at  La  Salle  from 
2  to  5  percent  through  the  same  screens,  as  the  result  of  a  year's  trial 
under  the  new  gross  weight  system.  There  was,  for  the  last  time, 
some  talk  of  accepting  a  double  standard ;  namely,  one  price  for  lump 
and  another  for  screenings,  but  no  action  was  taken. t 

♦Minutes  of  Springfield  Conference. 

fProceedings  Joint  Convention,   Dist.   12,  U.  M.  W.  of  A.  and  Operators, 
Peoria,   1899. 
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This  first  year  under  the  new  system  has  been  called  "an  era 
of  good  feeling  in  the  coal  mining  history  of  the  state."  The  old 
grievances  and  troubles  had  disappeared  and  no  new  ones  had  arisen 
as  yet.  By  the  time,  however,  that  the  1900-1901  agreement  was 
made  the  modern  refuse  question  had  become  so  acute  that  the  fol- 
lowing clause  was  inserted:  "Where  slate,  bone,  etc.,  are  sent  up 
by  the  miners,  it  is  the  duty  of  the  car  trimmer  or  inspector,  who 
shall  be  a  member  of  the  miners'  union*  and  appointed  by  the 
operator,  to  call  the  attention  of  the  weighman  and  check  weighman 
to  the  same.  If  they  agree,  the  offender  shall  be  fined  fifty  cents 
for  the  first  offence ;  one  dollar  for  the  second ;  and  two  dollars  for 
the  third  or  subsequent  offence,  or  discharged  by  the  company;  pro- 
viding that  no  miner  shall  be  discharged  unless  he  is  guilty  four  times 
in  one  month." 

This  clause  was  evidently  not  sufficient  to  enforce  the  loading  of 
clean  coal  since  the  Peoria  agreement  for  the  year  ending  March  31, 
1903,  contained  more  elaborate  rules  regarding  preparation.  These 
rules,  except  for  minor  changes,  are  in  force  today.  The  pertinent 
sections,  as  given  in  the  1915-16  ageement,  are  as  follows: 

Section  4.  "The  scale  .  .  .  shall  be  per  ton  of  2,000  lb.  R.  O.  M. 
(run  of  mine)  coal,  practically  free  from  slate,  bone,  and  other 
impurities." 

Section  5.  (b)  "The  system  of  paying  for  coal  before  screen- 
ing was  intended  to  obviate  the  many  contentions  incident  to  the  use 
of  screens  and  not  to  encourage  unworkmanlike  methods  of  mining 
and  blasting  coal,  or  to  decrease  the  proportion  of  screened  lump,  and 
the  operators  are  hereby  guaranteed  the  hearty  support  and  coopera- 
tion of  the  United  Mine  Workers  of  America  in  disciplining  any 
miner  who  from  ignorance  or  carelessness  or  other  cause  fails  to 
properly  .    .    .  load  his  coal." 

Section  6.  (a)  "In  case  slate,  bone,  clay,  sulphur,  or  other 
impurities  are  sent  up  with  the  coal  by  the  miner,  it  shall  be  the 
duty  of  whomever  the  company  shall  designate  as  inspector  to  report 
the  same,  with  the  estimated  weight  thereof,  and  the  miner  or  miners 
so  offending  shall  have  such  weight  deducted  from  the  established 
weight  of  the  car  and  for  the  first  offence  in  any  given  calendar  month 
shall  be  fined  fifty  cents ;  for  the  second  offence  in  the  same  month 
he  or  they  shall,  at  the  option  of  the  operator,  be  fined  two  dollars  and 
for  the  third  or  any  subsequent  offence  in  the  same  calendar  month, 
he  or  they  may  be  fined  two  dollars  or  be  suspended  for  not  to  exceed 
six  days  of  mine  operation. 

(b)     "For  a  malicious  or  an  aggravated  case, the 

operator  may  either  indefinitely  suspend  or  discharge." 

The  term  "malicious  or  aggravated  case"  is  then  defined  "as  a 
case  in  which  the  quantity,  character,  or  appearance  of  the  impurities 


*The  1904  and  subsequent  agreements  provide  that  the  company  coal  inspec- 
tor "shall  not  be  a  member  of  the  union." 
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indicate  that  they  were  loaded  with  intentional  carelessness  or  wrong 
purpose.  In  case  of  discharge  for  an  aggravated  case  as  above,  the 
inspector  shall  preserve  the  impurities  for  72  hours,  Sundays  and  legal 
holidays  excepted.  All  impurities  subject  to  being  docked  shall  be 
preserved  for  the  balance  of  the  working  day  except  at  mines  where 
it  is  impossible  to  do  so  without  seriously  impeding  the  mine.  Where 
it  is  claimed  by  the  operator  that  to  so  preserve  the  impurities  will 
serously  impede  the  output  of  the  mine  and  where  it  is  claimed  by 
the  miner  that  the  case  is  not  a  malicious  or  aggravated  one,  the 
question  shall  be  taken  up  jointly  for  determination." 

(c)  "The  company  weighman  shall  post  in  a  conspicuous  place 
at  the  pit  head  the  names  of  all  miners  dealt  with  hereunder." 

(d)  "The  inspector  designated  by  the  operator  ....  shall  not 
be  a  member  of  the  U.  M.  W.  of  A.,  and  in  the  discharge  of  his 
duties  shall  not  be  subject  to  the  jurisdiction  of  the  union.  Any 
miner  ....  seeking  to  embarrass  the  inspector  ....  shall,  at  the 
option  of  the  operator,  be  suspended  two  days." 

(f)  "The  proceeds  from  all  fines  shall  be  paid  to  the  miners' 
subdistrict  treasurer,  and  ....  shall  not  be  remitted." 

"The  foregoing  is  designed  to  secure  to  the  operator  the  loading 
of  clean  coal,  while  protecting  the  miner  from  any  abuse  of  the  penal 
code." 

It  is  evident  from  the  various  clauses  noted  that  every  possible 
means  is  being  taken  to  compel  the  loading  of  coal  free  from 
impurities.  The  present  demand  of  the  consumer  for  clean  coal  has 
made  it  necessary  that  care  be  taken  to  load,  at  least  as  regards 
lump  coal,  only  pieces  that  will  pass  inspection  by  the  company  coal 
inspector,  or  as  he  is  often  called,  the  "dock  boss"  or  "rock  man." 

Regulations  concerning  fine  coal  and  screenings  have  not  been  so 
thoroughly  worked  out.  At  present  the  only  provisions  in  the 
operators-miners  agreements  regarding  such  coal  are: 

Section  5.  (c)  "That  all  'bug  dust'*  or  machine  coal  cuttings 
when  practically  free  from  impurities  shall  be  loaded  out  with  the 
snubbingst  or  other  coal  so  as  to  produce  a  merchantable  R.  O.  M. 
coal." 

"The  above  does  not  contemplate  any  change  in  the  present 
method  of  handling  bug  dust  or  machine  cuttings  in  Franklin  county, 
or  other  mines  when  it  is  necessary  to  load  the  same  out  before  shoot- 
ing the  coal,  as  a  protection  against  explosions  or  fire." 

"Where  the  operator  desires  the  bug  dust  loaded  out  separately, 
this  shall  be  done  by  the  miner  working  in  his  place  during  his  regular 
shift  at  the  regular  tonnage  price  and  the  company  shall  furnish  cars 
promptly  to  load  the  same." 

Much  of  the  roof,  "draw  slate,"  floor,  and  bands  which  comprise 
the  bulk   of   the   impurities   mined   with   the  coal   either  break   into 

*See  p.  101. 
tSee  p.  106. 
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small  pieces  or  tend  to  soften  quickly  on  exposure  to  the  air.  Any 
piece  of  such  impurity  smaller  than  \%  inches  in  diameter  passes 
into  the  screenings  during  the  screening  process  of  preparation.  Since 
the  impurities  are  small  and  pass  quickly  from  sight  through  the 
screens,   and   since  they  mix  with  the   dust  and  multitude  of  small 
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Fig.  5.     Tons  of  Coal  Mined  Per  Keg  of  Powder   (1888-1914). 

pieces  of  coal  which  make  up  the  screenings,  they  so  blend  with  the 
prevailing  black  that  close  inspection  is  impossible.  It  is  sometimes 
easier,  while  loading,  to  break  a  piece  of  flat  shale  with  the  back  of 
a  shovel  so  that  the  pieces  will  enter  the  screenings,  than  it  is  to  pick 
this  same  piece  out  of  the  coal  and  throw  it  into  the  gob. 

From  a  large  number  of  analyses  the  Department  of  Applied 
Chemistry  at  the  University  of  Illinois  determined  that,  on  the  average, 
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Illinois  screenings  contained  about  twice  as  much  ash  as  the  lump 
coal  from  the  same  mine.  The  writer  has  observed  a  like  difference, 
varying  considerably  as  to  daily  conditions  at  the  individual  mine. 
Samples  of  screenings  taken  on  different  days  from  the  same  mine 
often  vary  several  per  cent  in  ash  content.  The  mere  fact  that  a 
coal  is  of  screenings  size  does  not  necessarily  impair  it  for  use  in 
modern  furnaces,  but  the  value  of  screenings  generally  is  lowered 
and  sale  retarded  by  a  high  and  uncertain  refuse  content.  Impurities 
in  screenings,  even  though  concealed  to  the  eye,  appear  to  their  full 
value  upon  chemical  analysis  or  in  the  furnace  ashes.  Thus,  the 
increasing  tendency  of  consumers  to  insist  upon  ash  analysis  and 
specifications  is  based  on  reason  and  is  certain  to  continue. 

The  coal  from  some  of  the  mines  in  Illinois  is  held  in  disfavor 
in  the  general  market,  and  a  differential  price  is  made  against  it. 
Some  of  this  coal  is  in  every  way  equal  in  quality  to  that  from  more 
favored  mines.  Investigation  reveals  that  carelessness  in  loading 
impurities  and  negligence  in  enforcing  inspection  are  the  main  reasons 
for  this  condition. 

Another  clause  of  Section  5  in  the  recent  joint  agreements  is  of 
interest,  since  it  relates  to  the  effect  of  powder  used  on  the  sizes 
of  coal  produced.  It  is  given  as  follows:  "Where  practicable,  miners 
shall  shoot  coal  with  two  pounds  of  powder  or  less." 

In  general,  little  or  no  powder  is  used  in  longwall  mines,  the 
coal  being  loosened  by  roof  pressure  or  by  wedges ;  in  mines  in  which 
the  coal  is  undercut  only  a  moderate  amount  of  powder  per  ton  of  coal 
is  used;  while  in  mines  in  which  the  coal  is  "shot  off  the  solid," 
without  previous  preparation  of  the  face,  a  much  greater  amount  of 
powder  is  used  since  there  is  only  one  free  face  to  break  to. 

Before  the  general  introduction  of  the  run  of  mine  payment 
system  in  1907,  it  was  evidently  to  the  miner's  interest  to  shatter  and 
break  his  coal  as  little  as  possible.  This  could  only  be  done  with  a 
minimum  of  powder.  The  accompanying  chart  (Fig.  5),  prepared  from 
data  in  the  annual  coal  reports,  shows  the  number  of  tons  of  coal 
mined  per  keg  of  powder  for  each  year  since  1888,  for  both  machine 
and  hand  mines  (solid  shooting).  Since  longwall  mines  come  under 
the  general  heading  of  hand  mines,  and  since  they  use  little  or  no 
powder,  they  have  been  omitted  from  the  compilations.  The  charts  are 
based  on  five  year  averages  in  order  to  avoid  accidental  fluctuations. 

The  percentage  of  fine  coal  produced  by  the  mines  for  the  same 
period  is  also  plotted  in  Fig.  5.  Since  the  year  1900,  the  coal  pro- 
duction has  been  reported  in  tons  of  the  different  sizes  produced ; 
namely,  run  of  mine,  lump,  egg,  pea,  and  slack.  For  general  purposes 
of  comparison  the  percentages  since  1900  were  obtained  by  consider- 
ing run  of  mine  as  lump  coal,  and  considering  nut,  pea,  screenings, 
and  slack  sizes  as  fines.  Since  today  these  are  mostly  made  through 
round  hole  screens,  while  before  1897  they  were  mostly  made  through 
bar  screens,  the  first  part  of  the  curve  up  to  1902  shows  an  uncertainty 
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due  perhaps  to  the  change  from  bar  to  round  hole  during  these  years. 
There  has  been  a  regular  increase  in  the  percentage  of  the  fine  sizes 
produced  since  1902.  Thus,  from  17.3  per  cent  in  1892  to  22.9  per 
cent  in  the  period  from  1897  to  1902  and  to  32.5  per  cent  in  the  year 
1914,  is  a  serious  increase  in  fine  coal  in  the  state  as  a  whole. 
The  rise  of  this  curve,  coincident  with  the  increased  use  of  powder 
in  solid  shooting  mines,  recorded  in  the  lower  curve,  is  more  than  a 
coincidence,  and  shows  plainly  the  close  relationship  between  them. 

It  has  been  stated  that  as  the  amount  of  powder  per  hole  increased 
so  increased  the  percentage  of  fatal  accidents.*  This  fact,  more 
than  the  evil  of  increased  coal  breakage,  led  to  the  passage  in  1903 
of  a  law  regulating  the  use  of  powder  in  coal  mines  (L.  1903, 
p.  252),  which  limited  to  about  5  lb.  the  amount  of  powder  used  in 
a  single  charge  in  seams  over  Sl/2  feet  thick,  and  to  about  4  lb.  if  the 
seam  were  under  this  thickness.  The  sections  covering  the  above 
were  repealed  in  1913,  and  substantially  inserted  as  Section  19,  Act 
of  1913.  The  coal  report  of  1904  (p.  3)  commenting  on  the  law  of  the 
previous  year  states  that  disregard  of  its  provisions  had  been  general. 
It  did  not  serve  to  stop  the  increase  in  the  percentage  of  fine  coal. 

More  legislative  remedies  were  proposed  :  ( 1 )  All  coal  should 
be  undercut.  (2)  Special  shot  firers  should  be  employed  by  the 
company.  Had  the  first  measure  passed  and  been  enforced,  probably 
the  percentage  of  coarse  coal  would  have  increased.  The  second 
measure  finally  became  a  law  July  1,  1905.  It  provided,  "that  where 
more  than  2  lb.  of  powder  are  used  in  one  blast  ...  a  sufficient 
number  of  practical  miners  to  be  designated  as  shot  firers  shall  be 
employed  by  the  company  to  inspect  and  fire  all  blasts  in  the  mine." 

Evidently  the  miners,  now  freed  from  firing  their  own  shots, 
loaded  heavier  than  ever,  taking  the  chance  that  their  holes  would  be 
fired  without  inspection.  For  this  reason,  apparently,  the  law  was 
amended  in  1907  (Sections  47,  47a,  and  47b)  forbidding  a  miner  to 
alter  a  hole  after  inspection  by  the  shot  firer  and  forbidding  the  shot 
firer  to  fire  an  unlawful  hole. 

A.  Bementt  comments  on  the  increased  use  of  powder  during 
the  last  few  years,  and  in  Bulletin  No.  16  of  the  Illinois  State 
Geological  Survey  he  states  that  its  increase  per  ton  of  coal  produced 
was  over  100  per  cent  between  1897  and  1908. 

Laws  and  collective  agreements  in  Illinois  as  regards  percentage 
of  fine  coal  and  the  contained  amount  of  impurities  have  not  proved 
wholly  successful.  The  writer  believes  further  action  should  be  taken, 
especially  regarding  the  impurities  and  excessive  dust  in  screenings. 
The  close  competitive  market  prevailing  today  on  all  sizes  of  coal, 
and  especially  on  screenings,  makes  it  appear  imperative  that  in  the 
near  future  this  coal  be  placed  on  the  market  in  a  cleaner  condition 
without  preparation. 

*"Powder  Accidents  in  the  Coal  Mines  of  111."    Issued  by  The  Illinois  Coal 
Operators'  Association,  1909. 

tjour.  West.  Soc.  Eng.,  June,  1909,  p.  307. 
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The  effort  in  Ohio,  one  of  the  mining  states  competing  with 
Illinois,  to  avoid  the  difficulties  in  changing  to  the  run  of  mine  pay- 
ment basis,  if  successful,  may  offer  a  remedy  for  many  of  the 
difficulties  which  have  hindered  effectiveness  with  the  run  of  mine  pay- 
ment practice. 

According  to  the  new  mining  laws  of  Ohio,  passed  in  1914, 
payment  to  the  miner  is  changed  from  the  screened  coal  to  the  run 
of  mine  basis ;  but,  in  case  the  miner  and  his  employer  cannot  agree, 
the  State  Industrial  Commission  has  the  power  to  fix,  for  any  mine, 
maximum  percentages  of  fine  coal  and  impurities  allowable  in  the 
miner's  coal.  Loading  of  excess  impurity  is  made  a  misdemeanor  and 
punishable  by  fine  on  conviction.  Thus,  Ohio  has  attempted  to  solve 
by  law  a  matter  which  in  other  states  has  been  regulated  by  collective 
bargaining  between  operator  and  miner. 

A  suggestion  has  been  made  to  introduce  a  bonus  system  of  pay- 
ment to  the  miner  for  his  lump  coal,  as  a  means  of  overcoming  the 
evils  of  the  present  run  of  mine  system  in  connection  with  breakage 
and  impurities.  Briefly  stated,  it  is  proposed  to  continue  the  present 
practice  of  paying  an  agreed  price  for  all  coal  as  mined  and  hoisted, 
but  since  clean  lump  coal  is  of  extra  value  to  the  operator,  it  is 
suggested  that  he  pay  the  miner  for  any  excess  of  such  product  over 
a  fixed  percentage  to  be  agreed  upon  for  each  district.  This  would 
not  conflict  with  present  state  laws  and  would  compensate  both  the 
operator  and  the  careful  and  skillful  miner.  The  possibility  of  such 
a  method  proving  impracticable  on  account  of  difficulty  in  determining 
rapidly  in  the  tipple  the  respective  amounts  of  lump  and  slack  in  each 
miner's  car  of  coal  should  be  given  consideration. 

RECENT  DEVELOPMENTS  IN  PREPARATION  PRACTICE. 

Fig.  3  shows  that  sizing  and  close  preparation  had  become 
important  enough  by  1900  to  justify  the  separation  of  the  total 
production  into  the  separate  sizes  produced.  The  public  was  begin- 
ning to  demand  sized  coal.  Fresh  impetus  to  this  demand  was  a 
result  of  the  anthracite  strike  of  1902,  when  the  public,  deprived  of 
closely  sized  anthracite,  tried  sized  Illinois  bituminous  coal  for  the 
first  time  as  a  substitute.  In  the  period  from  1902-1907  many  of  the 
small  companies  were  consolidated,  and  larger  corporations  entered 
the  field  and  erected  new  and  larger  modern  steel  surface  plants. 

Beginning  about  1906,  considerable  prominence  was  given  to 
the  abatement  of  the  soft  coal  smoke  nuisance  in  cities,  and  the 
burning  of  more  closely  sized  coals  proved  to  be  of  some  advan- 
tage in  overcoming  this  trouble.  In  1908  considerable  public  atten- 
tion was  given  to  "The  Purchase  of  Coal  by  the  Government  under 
Specifications,"  by  Geo.  S.  Pope,  Bulletin  428,  U.  S.  Geological 
Survey,  and  reprinted  as  Bulletin  11  of  the  U.  S.  Bureau  of  Mines. 
The  author  (p.  5)  states,  "Until  recent  years  coal  consumers  pur- 
chased coal  merely  on  the  statement  of  the  dealer  as  to  its  quality, 
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relying  on  his  integrity  and  on  the  reputation  of  the  mine  or  dis- 
trict from  which  the  coal  was  obtained.  It  is  surprising  that  the 
important  question  of  whether  value  was  being  received  for  the 
money  expended  was  not  sooner  seriously  considered."  In  speak- 
ing further  (p.  8)  on  the  size  of  coal  as  influencing  combustion, 
and  without  qualifications  as  to  kind  of  coal  or  to  conditions  of 
burning,  he  states  that,  "coal  of  uniform  size  forms  the  most  satis- 
factory fuel."  Attention  is  also  called  in  the  bulletin  to  the  limit- 
ing values  of  ash  and  refuse  allowed  and  to  the  general  advantages 
of  some  specification  system.  Frequent  articles  in  the  general  press 
also  emphasized  the  advantages  to  the  consumer  of  prepared  coal. 

The  period  from  1907  to  1915,  especially  the  last  five  years,  is 
notable  for  the  remodeling  of  coal  tipples  to  handle  larger  outputs 
and  to  meet  the  growing  demand  for  cleaner  and  more  evenly 
sized  coal.  This  has  necessitated  improvements  in  mechanical 
details,  such  as  weighing  devices,  sizing  screens,  picking  tables,  and 
loading  booms,  and  has  caused  the  introduction  of  special  engi- 
neering features  in  improved  rescreening  plants  and  special  dry 
processes  for  cleaning  the  coal.  A  surface  plant  in  Illinois  must  be 
capable  of  handling  more  than  4,000  tons  per  eight-hour  day  in  order 
to  be  considered  one  of  large  capacity.  At  a  mine  in  Macoupin  county 
recently  a  record  has  been  made  of  5,116  tons  hoisted  and  prepared  in 
an  eight-hour  day,  or  an  average  of  640  tons  per  hour.  Upon  com- 
paring this  with  a  record  of  1,655  tons  hoisted  in  9^2  hours,  or 
about  174  tons  per  hour,  made  at  Braidwood,  Illinois  in  1888,  and 
mentioned  in  Colliery  Engineer*  of  that  year  as  being  remarkable, 
it  is  evident  that  remarkable  changes  have  taken  place  not  only  in 
underground  methods,  but  in  weighing,  handling,  and  general  prep- 
aration at  the  surface. 

The  large  increase  in  capacity  of  individual  mines  has  at  times 
tended  towards  overproduction  with  a  consequent  decreased  profit  per 
ton  and  increased  competition.  The  average  shipping  mine  in  Illinois 
is  operated  172  days  per  year.  In  other  words,  without  increasing 
present  mine  plant  capacity,  if  the  mines  were  worked  300  days  per 
year,  Illinois  could  supply  over  100,000,000  tons  of  coal  per  year. 
This  factor  has  led  to  complication  regarding  preparation,  some 
plants  having  introduced  devices  on  account  of  competition  rather 
than  through  real  need  of  such  treatment  for  the  coal. 

It  has  been  stated  that  Illinois  has  been  obliged  to  improve  prep- 
aration, in  order  to  keep  ahead  of  her  competitors  in  the  neighboring 
coal  fields.  The  interstate  commerce  in  Illinois  coals  has  extended  to 
the  west,  perhaps  as  far  as  Omaha,  to  the  southwest  into  Texas,  and 
to  the  northwest  into  Minnesota  and  the  Dakotas  until  competition 
with  the  high  grade  West  Virginia  and  other  eastern  coals  carried 
over  the  Great  Lakes  has  become  too  severe.  Thus,  at  various  places 
Illinois  coals  may  come  into  competition  with  West  Virginia,  Ohio, 
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Kentucky  and  Indiana  coals  from  the  east,  with  the  coals  of  Okla- 
homa and  Arkansas  in  the  southwest,  and  with  the  generally  lower 
grade  coals  of  Missouri,  Kansas,  and  Iowa  in  the  west.  Further  west, 
the  eastern  shipment  of  the  bituminous  coals  of  the  Rocky  mountains 
is  the  determining  factor  in  the  situation. 

That  Illinois  has  kept  abreast  and  ahead  of  her  competitors  in 
preparation  is  apparent  by  noting  the  number  of  new  screening  and 
preparation  plants  erected  in  these  competing  states  within  the 
last  two  or  three  years.  All  things  considered,  there  is  probably  no 
bituminous  coal  district  in  America  having  refinement  in  preparation 
equal  to  the  general  Illinois  field,  and  especially  equal  to  that  at  the 
tipples  producing  coal  for  domestic  and  retail  use,  in  which  an  even 
size  and  freedom  of  impurities  visible  to  the  eye  are  prerequisites. 


CHAPTER  II. 

Standard  Types  of  Illinois  Coal  Mine  Tipples. 

introduction. 

Tipple  Units. — At  Illinois  mines  today  the  coal  is  hoisted  to  the 
surface  for  screening  and  final  cleaning,  although  a  rough  preliminary 
hand  picking  often  takes  place  at  the  face  underground.  This  necessi- 
tates for  preparation  a  surface  structure  composed  of  one  or  more  of 
the  following  units: 

(1)  A  headframe  or  tower  over  the  mine  shaft,  supporting  and 
taking  the  reaction  from  the  pulleys  or  sheaves  over  which  the  hoist- 
ing rope  runs,  and  which  generally  must  further  resist  the  shock  of 
the  mine  car  being  dumped. 

(2)  A  screen  structure,  sometimes  called,  if  of  the  common  type, 
a  shaker  house  or  shaker,  containing  the  particular  type  of  screen  used 
to  separate  the  mine  run  coal  into  various  market  sizes,  and  also  some 
weighing  device  for  the  coal. 

(3)  Picking  belts,  for  use  in  cleaning  the  screened  coal,  and  load- 
ing chutes,  etc.,  and  for  loading  it  gently  into  railroad  cars. 

(4)  At  certain  mines  the  mine  cars  are  run  off  the  mine  cage 
before  being  dumped,  necessitating  an  additional  structure  in  which 
the  mine  cars  are  handled  and  recaged,  and  in  which  disposition  is 
made  of  the  waste  rock  brought  to  the  surface. 

In  Illinois  these  units  are  grouped  into  one  general  structure  at 
the  mouth  of  the  shaft  which  is  called  the  tipple.  To  avoid  vibration 
and  promote  stability  the  screen  frame  in  the  tipple  is  generally  built 
with  independent  supports  and  foundation.  A  frequent  auxiliary  and 
separate  structure  is  the  rescreening  plant  or  rescreener,  into  which 
the  smaller  coal  is  re-elevated,  and  there  separated  into  various  small 
sizes.  In  the  design  of  these  units  every  precaution  should  be  taken 
to  prevent  breakage  of  the  coal,  to  obtain  capacity,  to  do  clean  screen- 
ing, and  to  avoid  vibration,  all  with  a  minimum  of  labor.  These  are 
the  five  requisites  of  good  tipples. 

Materials  of  Construction. — Until  about  1900,  mine  tipples  in 
Illinois  were  built  of  wood,  excepting  the  screens,  chutes,  etc.  Since 
then  the  use  of  steel  in  the  construction  of  tipples  has  become  more 
and  more  common.  In  June,  1911,  the  state  legislature  passed  an  act 
requiring  that  all  structures  thereafter  erected  on  the  surface  within 
100  feet  of  the  mouth  of  any  shaft,  slope,  or  drift  should  be  built  of 
metal,  rock,  clay,  cement,  clay  or  cement  products,  or  a  combination 
of  the  same.  Tipples  erected  since  that  time  have  been  made  of  steel, 
and  although  concrete  and  other  fireproof  materials  have  been  used 
in  other  parts  of  the  country  for  mine  tipples,  they  have  not  as  yet 
found  favor  in  this  state. 

Many  of  the  older  wooden  tipples  have  given  remarkable  service, 
especially  those  well  built  and  cared  for,  and  in  many  districts  are 
still  the  common  form.  A  number  of  the  earlier  steel  tipples  were 
constructed  of  a  comparatively  large  number  of  small  steel  members, 
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and  following  the  custom  prevalent  at  the  wooden  tipples,  the  sides, 
especially  over  the  shaft,  were  tightly  enclosed,  usually  with  corru- 
gated iron.  Since  the  hoisting  shaft  is  generally  the  upcast  air  shaft, 
the  corrosive  action  of  this  moist  mine  air  on  the  thin  steel  framing  of 
the  tipple  was  rapid,  especially  on  those  members  closest  to  the  month 
of  the  shaft.  In  the  later  steel  tipples  trouble  from  this  source  has 
been  eliminated  by  any  or  a  combination  of  the  following  simple 
precautions : 

(1  )   Leaving  the  side^  of  the  headframe  open. 

i  —  •  Spreading  the  legs  of  the  headframe;  thus  removing  them 
from  the  shaft  collar. 


Fig.  (j.     Class  I  Tipple. 


(3)  Using  a  few  large  steel  members  for  headframe  construc- 
tion, instead  of  the  more  quickly  corroded  small  sections. 

(4)  Encasing  in  concrete  the  legs  or  posts  close  to  the  shaft. 

(5)  More  frequent  scraping  and  painting. 

It  is  to  he  regretted  that  so  many  correctly  designed  steel  head- 
frames  in  this  state  have  been  allowed  to  deteriorate  solely  through 
lack  of  attention  on  the  part  of  the  operator.  No  design  can  with- 
stand for  many  years  the  severe  conditions  imposed  without  being 
properly    protected    by    an    occasional    coat   of   paint.      If   this    simple 
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expedient  is  carried  out,  there  is  no  reason  why  the  steel  tipple  should 
not  last  almost  indefinitely. 

Types  of  Tipples. — Mine  tipples  differ  according  to  (a)  their 
structural  material,  (b)  method  of  receiving  coal  (whether  from  a 
shaft,  slope,  or  drift),  (c)  position  of  hoisting  engines  in  reference 
to  the  axis  of  the  structure,  (d)  type  of  mine  car  dump  used,  (e) 
method  of  handling  mine  cars  of  coal  and  waste,  (f)  whether  or  not 
the  coal  is  rescreened,  and  (g)  the  type  of  screen  used  to  prepare  the 
coal. 

In  Illinois  the  structural  material  is  uniformly  wood  or  steel, 
and  as  shaft  mines  are  most  common,  mine  tipples  may  be  grouped 
into  three  general  classes  or  types  as  follows : 

(1)  Those  equipped  with  self-dumping  cages  and  with  shaker 
screens  for  sizing  the  coal. 

(2)  Those  equipped  with  self-dumping  cages  and  with  gravity 
bar  screens  for  sizing  the  coal. 

( 3  )  Those  equipped  with  rigid  or  fixed  cages,  with  cross  over 
dumps  in  the  tipple  to  empty  the  mine  cars,  and  with  shaker  screens 
for  sizing  the  coal. 

To  illustrate  the  general  practice  in  coal  preparation,  one  tipple 
representing  each  of  the  three  types  just  mentioned,  has  been  chosen 
at  random  from  a  number  of  similar  ones  in  the  state.  Although  con- 
structed of  steel  they  are  by  no  means  the  largest  or  most  recent  instal- 
lations in  each  class,  but  each  represents  many  features  found  at  many 
of  the  tipples  in  the  state.  The  designs  illustrated  are  for  steel  con- 
struction, but  they  are  also  representative  of  wooden  construction 
since  there  are  no  especial  differences  in  principle,  operation,  or  appli- 
ances.    Any  of  i-h^se  types  may  have  an  auxiliary  rescreening  plant. 

Although  inr"  ji.-nh  or  long  axis  of  a  tipple  is  usually  perpen- 
dicular to  the  long  a:,  of  the  shaft,  in  several  cases,  in  order  to 
accommodate  a  more  fa*  /able  position  of  railroad  tracks,  the  screen 
structure  is  b:  '  m  angle  to  the  long  axis  of  the  shaft,  and  in  several 

instances  parallel  to  it. 

Hoisting  engines  may  be  placed  so  that  the  hoisting  ropes  will 
run  over  the  sheaves  either  in  the  same  plane  as  the  long  axis  of  the 
shaft  or  perpendicular  to  it.  In  the  first  case  the  headframe  is  said 
to  be  "end  pull"  and  the  pulleys  or  headsheaves  are  tandem  and  in 
approximately  the  same  vertical  plane.  Headframes  in  the  second 
case  are  "side  pull"  and  the  pulleys  are  parallel.  Neither  type  _  is 
more  popular  in  Illinois.  Both  types  are  often  used  in  the  same  dis- 
trict, the  choice  depending  on  the  designer,  the  operator,  the  perma- 
nent position  of  some  part  of  the  old  plant  necessary  to  combine 
with  the  new  structure,  the  ease  of  conveying  coal  to  the  boiler  room, 
the  topography,  the  position  of  railroad,  etc.  Accidently  the  three 
plants  chosen  to  illustrate  typical  surface  plants  in  this  chapter  are  of 
the  end  pull  type.  The  frontispiece  (Fig.  2)  shows  a  side  pull  head- 
frame. 


DRY    PREPARATION   OP   BITUMINOUS   COAL 


35 


CLASS    I.       TIPPLES    EQUIPPED    WITH    SELF-DUMPING    CAGES    AND    WITH 
SHAKER  SCREENS  FOR  SIZING  THE  COAL. 

The  type  of  tipple  commonly  used  in  Illinois  at  room  and  pillar 
mines  and  in  which  the  bulk  of  Illinois  coal  is  prepared  for  the  gen- 
eral market  belongs  to  Class  I  and  is  shown  in  the  photograph  (Fig. 
6)  and  in  sectional  elevation  (Fig.  7).  The  operation  is  best  explained 
by   following  the  course  of  the  coal   from  mine  car  to  railroad  car. 

A  ^ 
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The  self-dumping  cage  A,  containing  the  end  dump  mine  car,  dumps 
at  a  height  of  about  50  feet  above  the  ground,  this  height  varying 
with  the  design  of  the  tipple,  the  kind  of  screen  used,  the  number  of 
railroad  tracks  to  be  served,  etc.  The  general  scheme  is  to  elevate 
the  coal  sufficiently  before  dumping  to  enable  all  necessary  prepara- 
tion to  take  place  and  the  coal  to  be  loaded  into  railroad  cars  without 
re-elevation.  As  the  cage  tips,  the  coal  slides  out  of  the  mine  car  over 
the  dump  chute  and  into  the  weigh  box.  The  weighman,  or  in  the 
larger  mines  a  check  puller  at  the  scale,  takes  the  miner's  check  from 
the  mine  car  in  order  that  proper  accounting  for  the  coal  contained 
may  be  rendered. 

After  the  coal  has  been  weighed,  the  gate  B,  controlled  by  hand 
or  by  the  piston  C,  is  opened,  thus  allowing  the  coal  to  fall  into  the 
hopper  or  pocket  D.  In  many  mines  this  hopper  is  absent,  the  coal 
being  dumped  directly  from  the  weigh  box  on  the  shaking  screen.  At 
other  mines  an  automatic  feeder  which  supplies  the  coal  evenly  to 
the  shaking  screen  is  installed  instead  of  this  hopper.  A  valve  E  may 
be  opened  to  allow  rock,  refuse,  or  run  of  mine  coal  to  enter  the  mine 
run  chute  and  thus  be  loaded  into  a  railroad  car  on  track  4.  Above 
the  screen  proper  is  a  relief  bar  screen  6  ft.  long  and  with  2*^ -inch 
spaces.  This  prevents  a  rush  of  coarse  coal  on  the  upper  fine  screens 
and  in  general  prevents  their  choking;  thereby  increasing  capacity  and 
the  completeness  of  screening.  The  coal  from  D  falls  on  this  relief 
bar  screen  and  thence  to  the  top  section  of  the  upper  shaking  screen 
F,  which  in  the  case  illustrated,  is  10  feet  wide  and  24  feet  6  inches 
long. 

The  top  section  F  of  the  shaking  screen  has  three  decks ;  the 
upper  one  is  equipped  with  a  screen  plate  with  2-inch  round  perfora- 
tions, the  middle  one  with  a  plate  with  ^-inch  round  holes  for  the 
upper  ten  feet  and  \%-mch  round  holes  for  the  lower  end,  and  the 
bottom  plate  is  solid,  excepting  for  discharge  gates  or  doors,  Nos.  1,  2, 
3  and  4. 

The  lower  section  G  of  the  shaking  screen  has  approximately  the 
same  area  as  the  upper  one  and  has  two  decks  only.  The  top  one  is 
fitted  with  sections  of  plate  having  3-inch  round  holes  and  6-inch  round 
holes  as  shown,  and  the  bottom  deck  is  solid  excepting  for  the  dis- 
charge doors. 

The  driving  eccentrics  of  the  shaker  screens  have  a  throw  of 
about  6  inches  and  make  about  100  revolutions  per  minute.  To  mini- 
mize vibration  the  motion  of  one  screen  opposes  the  other  and  their 
total  weights  when  vibrating,  including  the  loads  of  coal,  are  approxi- 
mately the  same.  The  screen  supports  are  independent  of  the  rest  of 
the  tipple.  The  slope  of  the  screens  is  usually  3  to  4  inches  per  foot. 
The  chutes  leading  to  the  cars  are  curved  and  built  at  a  low  angle  in 
order  to  prevent  breakage  and  spilling  of  the  coal  during  the  loading 
of  the  railroad  cars.    The  boiler  coal  chute  takes  the  finest  coal,  ^-inch 
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screenings,  to  the  trough  conveyor  leading  to  the  boiler  room  of  the 
power  plant. 

With  such  an  arrangement  of  screens  and  chutes,  by  opening  or 
closing  variously  the  gates,  numbered  1  to  8  inclusive,  in  the  bottom 
plates  of  the  screens,  a  great  number  of  sizes  of  coal  can  be  made 
without  changing  the  screen  plates.  The  possible  sizes  are  given  below 
in  Tabic  2,  and  Table  3  gives  the  arrangements  of  the  gates  necessary 
to  obtain  the  different  combinations  of  sizes. 


TABLE  2. 
Sizis  of  Coal  Prepared.     Class   I  Tipple. 


<  ombinal  ion 


Size  of  *  loa] 


Number 

On  Track  1 

On  Track  2 

On  Track  3 

On  Track  4 

1 

• ,"  tump 

%"  screenings 

2 

2" 

%"x2"    nut 

%  " 

3 

li"     - 

2"xii"  egg 

s/4"x2"     •• 

'A 

4 

iy4"   - 

1%" 

5 

2"      • 

iy4"x2"     •• 

iy4" 

ii 

6"     " 

2"x(>"      ■• 

iy4"x2"    •• 

iy4" 

i 

3"     " 

iy4"x3"    •• 

\XA" 

S 

6"     " 

3"x6"     " 

iy4"x3"    •• 

p.- 

9 

6"     " 

n/4"xtj"    •• 

iy4" 

10 

2"     " 

2     " 

11 

3"     " 

2     "x3"     " 

2      "           < 

12 

6"     " 

3"x6"     " 

2     "x3"     " 

2      "           " 

13 

3"     " 

3"x6"     " 

3"  screenings 

14 

6"     " 

3" 

15 

6"     " 

6"  egg  run 

TABLE  3. 
I  (per ai  in\  o]    Screens.     Class  I  Tipple. 


To  .Make  Combination  Number  Open  Gate  Number      Close  Gate  Number 


0. 
10. 
11. 
12. 
13. 
14. 
15. 


2 

3. 

8, 

4, 

5, 

•i,  7 

2.   4. 

5 

3. 

8, 

6, 

7 

2,   4. 

5, 

7 

3. 

8, 

(i 

2,  3 

8, 

4. 

5, 

0, 

/ 

2.  :;. 

4. 

.") 

8. 

6. 

7 

2,  3, 

4. 

5, 

/ 

8, 

II 

2.   3. 

4. 

5, 

fi 

8, 

7 

2.   .!. 

4, 

5, 

<k  7 

8 

2.    .",. 

4. 

7 

5, 

6, 

8 

2.    3, 

8 

4, 

5, 

6, 

7 

2.   3. 

8, 

6 

4. 

5, 

7 

2,  3, 

8, 

6, 

7 

4, 

5 

4.   5, 

G 

2 

3, 

8, 

/ 

4.   5, 

<;. 

7 

2, 

3, 

8 

4,  7 

2, 

3, 

8, 

0, 

6 
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Besides  these  sizes  mine  run  or  unscreened  coal  can  be  loaded  on 
track  No.  1  by  closing  all  the  gates  or  on  track  No.  4  by  opening  the 
valve  E  and  running  the  coal  through  the  mine  run  chute.  The  usual 
combinations  of  sizes  of  coal  prepared  are  \]/\ -inch  or  2-inch  screen- 
ings, 2-inch  to  3-inch  nut,  3-inch  to  6-inch  egg,  and  6-inch  lump.  At 
many  tipples,  having  adjustable  screens  of  this  type,  only  the  above 
standard  sizes  are  prepared,  since  it  is  found  that  changing  the  screens 
and  valves  to  prepare  different  sizes  lowers  the  capacity,  especially  if 
close  screening  of  the  smaller  sizes  is  attempted.  If  there  is  a  demand 
for  sized  nut  coal,  a  separate  rescreening  plant  is  used. 

A  plant  of  this  size  will  prepare  up  to  4,000  tons  in  eight  hours, 
and  similar  tipples  are  in  operation  which  will  handle  6,000  tons  daily 
if   required. 


Fig.  8.     Class  II  Tipple. 

CLASS    II.       TIPPLES    EQUIPPED    WITH    SELF-DUMPING    CAGES    AND    WITH 
GRAVITY   BAR   SCREENS   FOR   SIZING  THE   COAL. 

Although  the  gravity  bar  screen  has  been  replaced  generally  by 
the  shaker  screen,  on  account  of  the  better  sizing,  less  breakage,  and 
less  headroom  and  slope  required,  yet  at  many  mines,  especially  if 
the  coal  is  prepared  for  a  special  market,  the  gravity  bar  screen  is 
still  used,  because  of  its  low  cost  of  installation  and  upkeep,  simplic- 
ity, and  freedom  of  the  tipple  from  vibration,  as  well  as  its  almost 
unlimited  capacity. 

Fig.  8  shows'a  photograph,  Fig.  9  a  ground  plan  and  end  elevation, 
and  Fig.  10  a  side  elevation  of  a  bar  screen  tipple  and  accompanying 
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surface  plant.  The  self-dumping  cage  (Fig.  10),  dumps  the  coal  from 
the  mine  car  into  the  weigh  box,  and  after  being  weighed,  it  flows  on 
the  top  bar  screen  A  A' '.  This  bar  screen  is  in  two  equal  sections, 
0l  2  feet  wide  and  8  feet  long,  and  is  set  at  an  angle  of  27  degrees, 
which  is  just  enough  to  allow  the  coal  to  slide  over  it  by  gravity. 
The  spaces  between  the  bars  are  5  inches  in  width.  Lump  coal  passes 
over  the  bars  A  A'  into  chute  B,  set  at  the  same  angle,  and  from  here 
into  the  railroad  car  on  track  No.  1.    The  coal  passing  the  5-inch  spaces 


Cgg  or  Mine  Run 


r\ 


ELEVATION 

Fig.  9.     Ground  Plan  and  End  Elevation  of  Class  II  Tipple. 


of  the  screen  AA',  falls  on  the  lower  bar  screen  DD' ,  which  is  of  the 
same  width  as  AA' ,  is  12  feet  long,  is  set  at  an  angle  of  32  degrees, 
and  has  only  1-inch  spaces  between  the  bars.  Thus,  the  coal  between 
5  inches  and  1  inch  in  size  passes  over  the  lower  screen  into  chute  E, 
from  which,  as  egg  coal,  it  is  loaded  on  track  No.  2. 

The  smallest  coal,  having  passed  through  screen  DD',  is  collected 
by  chute  F  and  may  be  loaded  on  track  No.  3  as  raw  or  untreated 
screenings.  By  means  of  a  hinged  gate  G  this  coal  may  also  be 
deflected  into  chute  H  and  from  here  to  the  elevator  /  (Fig.  9),  lead- 
ing to  the  rescreening  plant  K.  This  particular  rescreening  plant  is 
provided  with  a  revolving  screen  5  feet  in  diameter  and  12  feet  long, 
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sloping  5  degrees,  and  enclosed  with  wire  screen  cloth  having  ^-inch 
diameter  square  meshes.  The  oversize  falling  into  the  steel  nut  bin  is 
called  rescreened  nut  or  pea  coal ;  the  undersize  }i  inch  to  zero  in  size, 
called  slack,  falls  into  the  steel  slack  bin.  The  capacity  of  each  of 
these  bins  is  about  60  tons.  Railroad  cars  can  be  loaded  underneath 
as  desired.  A  conveyor  L  carries  part  of  the  slack  to  the  boiler  room. 
By  lowering  veils  or  blank  plates  over  the  screen  A  A' ,  it  is  pos- 
sible to  load  mine  run  coal  on  track  No.  1.    Also  by  opening  the  chute 


Fig.  10.     Side  Elevation  of  Class  II  Tipple. 


B' ',  the  oversize  from  the  5-inch  bar  screen  may  be  loaded  on  track  No. 
2.  Provision  is  also  made  for  running  either  mine  run  coal  or  refuse 
from  the  weigh  box  directly  into  the  chute  C  and  from  here  into  the 
railroad  car  on  track  No.  3.    By  using  veils  on  the  screens  as  required. 
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together  with  the  rescreener,  the  combinations  of  sizes  given  in  Table 
4  arc  possible  m  the  tipple  described. 

TABLE  4. 
Sizes  cm   Coal  Prepabed.    Class  II  Tipple. 


( lombina- 

titiii 
Number 


Size  of  Coal 


Rescreener 


(in  Track    1 


On   Track   2 


On  Track  3 


1  mine   run 

•2         .">"  bar  Bcreen  lump    5"  bar  egg  run 
:>         .")"  bar  screen  lump    1  "-.">"  bar  egg        raw  screenings 
1"  bar  screen 
lump 

mine   run 


(i         Raw   screenings   in   combinations   3   and   4   may   be 
rescreened    into 


Nut 
or  Pea 


Slack 


%"  sq.        %"  S  |. 
to  1"  to 

bar  zero 


The  average  daily  capacity  of  the  tipple  illustrated  is  800  tons, 
hut  at  individual  tipples  of  this  class  in  the  state  more  than  5.000  tons 
daily  arc  prepared. 


CLASS  III.    TIPPLES   EQUIPPED   WITH   RIGID  OR  FIXED  CAGES,   WITH   CROSS- 
OVER   DUMPS    IN    THE    TIPPLE    TO    EMPTY    THE    MINE    CARS,    AND 
WITH    SHAKER   SCREENS   FOR   SIZING   THE    COAL. 

The  tipple  illustrated  by  the  photograph  (  Fig.  11),  and  shown  in 
side  elevation  (Fig.  12),  has  found  favor  in  and  is  confined  almost 
wholly  to  the  longwall  field  in  the  northern  part  of  Illinois  for  the 
following  reasons:  (a)  Many  of  the  mines  are  from  300  to  600  feet 
deep  and  at  some  two  seams  at  different  levels  have  been  worked  from 
the  same  shaft,  (b)  The  thin  seams  and  method  of  working  usually 
necessitate  small  mine  cars  holding  1  to  \l/2  tons,  and  to  secure  ade- 
quate hoisting  capacity,  two  cars  are  often  hoisted  end  to  end  on  the 
same  cage,  (c)  ( )ne  car  of  waste  is  also  often  hoisted  to  three  cars 
of  coal,  and  large  amounts  of  timber  are  lowered 

The  loaded  cars  (Fig.  12),  are  pushed  from  the  cage  along  a 
track  having  a  gradient  with  the  load  of  about  \y2  per  cent,  to  some 
form  of  crossover  or  end  dump  and  dumped  into  the  weigh  box.  The 
empty  car  runs  down  the  sharp  grade  A  (6  to  12  per  cent),  through 
a  spring  switch  at  H  to  the  kickback  at  C,  while  returning  the  empty 
car  runs  by  gravity  down  the  side  track  /)  (  1 1/2  per  cent  grade),  to 
the  transfer  car  E.  When  two  mine  cars  have  entered  the  transfer 
car,  it  is  moved  up  inclined  tracks  by  means  of  an  air  or  steam  piston, 
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not  shown,  until  the  mine  cars  arrive  at  the  level  of  the  cage.  By  this 
time  two  more  full  cars  have  been  hoisted  and  the  mine  cage  is  in  the 
position  referred  to  in  the  beginning.  By  means  of  a  piston  working 
in  the  long  plunger  F  a  ram  G  gently  pushes  the  two  empty  cars  into 
the  cage,  at  the  same  time  forcing  the  two  loaded  cars  off. 

The  tracks,  dumps,  etc.,  in  the  tipple  are  in  duplicate  to  provide 
for  the  cars  coming  from  the  cage  in  the  other  compartment  of  the 
shaft. 

Mine  cars  containing  shale  or  refuse  are  taken  over  the  cross- 
over dump  without  dumping  and  switched  to  a  track  leading  to  the 
left  end  H  of  the  tipple  where  their  contents  are  dumped  into  a  chute, 
usually  by  means  of  a  horn  dump,  after  which  the  cars  are  returned 
to  the  empty  tracks  D.     In  the  same  way,  coal  intended  for  local  or 


Fig.  11.     Class  III  Tipple. 


wagon  trade  is  dumped  into  a  chute  at  H  and  roughly  bar  screened 
before  being  loaded  into  the  wagons. 

Cars  to  be  loaded  with  timber  are  taken  through  the  end  /of 
the  tipple  to  an  elevator  (shown  in  Fig.  11),  lowered  to  the  ground, 
loaded,  and  returned  to  the  system  at  E. 

The  screening  plant  in  such  a  tipple  may  consist  of  either  gravity 
bar  screens  or  shaker  screens.  As  illustrated  in  Fig.  12  on  the  shaker 
screen  M  one,  two,  or  three  sizes  of  coal  can  be  prepared  at  once.  It 
is  of  all  steel  construction  and  rests  on  independent  foundations. 

The  coal  dumped  into  the  weigh  box  is  weighed  by  scales  in  the 
weighroom  K,  the  check  puller  at  the  dump  having  taken  the  miner's 
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check  from  the  car  and  dropped  it  into  a  chute  (not  shown),  which 
carries  it  to  the  weigh  room,  so  that  proper  credit  is  given  for  the 
coal. 

The  coal  passes  over  the  dead  plate  or  chute  L  to  the  upper  shak- 
ing screen  M,  which  is  8  feet  wide  by  16  feet  long,  and  consists  of 
plates  with  lj^-inch  round  hole  perforations.  The  undersize  from 
here  is  loaded  as  screenings  on  track  Xo.  3.  In  some  cases  it  is  washed 
before  being  marketed.  The  oversize  of  the  screen  passes  over  a 
short  dead  plate  to  the  lower  shaking  screen  N  of  which  the  upper 
part  consists  of  5-inch  hole  plate.  Thus  1^4 -inch  to  5-inch  egg  may 
be  loaded  on  track  Xo.  2.  The  lump  or  chunk  coal  passes  over  the 
5-inch  screen  and  through  the  adjustable  chute  6"  into  the  car  on  track 
XTo.  1.  If  it  is  necessary  to  load  box  cars,  the  box  car  loader  is  run 
out  from  P  into  the  car  as  shown,  and  the  chute  R  is  adjusted  to  feed 
it.  It  is  possible  by  veiling  the  screens  to  load  mine  run  on  either 
track  Xo.  1  or  Xo.  2,  or  to  load  1%-inch  lump  on  track  Xo.  1. 

Owing  to  facts  previously  stated,  the  capacity  of  these  tipples  is 
relatively  small  in  comparison  with  those  at  pillar  and  room  mines, 
a  daily  production  of  1,500  tons  being  considered  large.  A  large 
proportion  of  the  coal  produced  is  clean  lump,  and  consequently,  most 
of  the  screening  plants  in  tipples  of  this  type  are  small  and  simple. 


CHAPTER  111. 

Impurities  and  Breakage. 

part  i.    general. 

Removal  of  impurities  and  avoidance  of  breakage  are  the  two 
standards  by  which  coal  preparation  is  measured.  The  object  of  coal 
mining  is  not  only  to  produce  the  greatest  possible  tonnage  at  the 
least  cost,  but  to  produce  the  greatest  possible  percentage  of  clean 
lump  coal.  Perfect  mining  would  mean,  not  only  the  extraction  of 
all  the  coal,  but  the  winning  of  it  in  a  perfectly  clean  condition  with 
100  per  cent  lump.  Were  this  possible,  subsequent  mechanical  break- 
age could  easily  and  cheaply  produce  finer  sizes,  as  needed,  in  as  pure 
a  condition  as  the  original  lump. 

"On  the  whole,  Illinois  has  pure  coal  compared  with  many  sec- 
tions and  it  is  possible  to  clean  lump  by  hand  in  the  railroad  car.  If 
the  market  calls  for  a  steam  coal,  very  little  preparation  is  necessary. 
If  the  market  requires  domestic,  we  must  screen  and  pick  and  even 
rescreen.     The  biggest  problem  is  to  load  without  breakage."* 

No  seam  of  Illinios  coal  is  free  from  at  least  small  amounts  of 
impurities.  Since  mines  situated  in  widely  separated  districts  over 
an  area  of  approximately  36,800  square  miles  are  worked  in  five  dif- 
ferent seams,  great  variations  are  possible  locally  in  the  nature  and  in 
the  extent  of  the  impurities  in  an  individual  seam  and  in  the  physical 
characteristics  of  the  coal  itself. 

The  most  persistent  impurity  in  Illinois  coal  is  the  famous  "blue 
band"  or  shale  band  in  seam  No.  6,  which  averages  1  to  2  inches  in 
thickness,  and  is  situated  about  20  inches  above  the  bottom  of  the 
seam.  It  extends  with  considerable  regularity  over  an  area  of  at  least 
5,000  square  miles. f  Impurities  such  as  pyrite  ("sulphur")  and  shale 
bands  are  of  frequent  local  occurrence  in  all  the  seams.  On  the 
whole,  it  cannot  be  said  that  any  one  district  in  Illinois  has  an  advan- 
tage over  others  in  this  respect.  Considerable  variance  occurs  among 
mines  in  the  same  district,  however,  not  only  in  the  impurities  in  the 
coal,  but  also  in  the  care  displayed  in  removing  the  same  before  the 
coal  is  shipped  to  market. 

Friability  means  the  tendency  to  produce  fines  under  like  con- 
ditions. The  Illinois  coals  are  not  so  friable  as  the  coking  bituminous 
coals  of  the  Appalachian  region,  and  in  freedom  from  the  breakage 
which  occurs  during  mining,  preparation,  and  shipment,  they  are  per- 
haps not  excelled  by  coal  from  any  other  section  of  the  bituminous 
fields  of  America.  Taken  as  a  whole  the  different  seams  in  Illinois 
show   considerable   uniformity   as   regards    friability,   although    some- 


*W   R.  Roberts.  Black  Diamond,  November  30.  1912. 
tT.  E.  Savaee,  Journal  of  Geology,  Vol.  22,  No.  8,  1914. 
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times  the  same  seam  in  different  districts  or  even  in  the  same  district 
will  vary,  depending  probably  on  the  thickness  of  the  cover  and  the 
regularity  of  the  bed.  A  seam  buried  under  several  hundred  feet  of 
cover  is  likely  to  be  firm;  a  seam  which  has  been  tilted  or  folded  is 
likely  to  be  somewhat  friable.  At  only  two  places  in  the  state  where 
mining  is  undertaken  have  the  beds  undergone  any  extensive  regional 


IT 
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Fig.  13. 


(bj  (C) 

Typical  Sections  of  Seams  Xos.  1  and  2. 


faulting  and  tilting,  all  being  practically  horizontal.  This  has  tended 
to  keep  the  beds  regular  in  general  physical  structure  over  large  areas. 
Since  Illinois  coal  is  relatively  firm,  the  preparation  of  sized  coals 
intended  for  competition  with  the  domestic  sizes  of  anthracite  has 
recently  become  a  noticeable  feature. 

The  sections  shown  in  Figs.  13  to  16  have  been  prepared  to  illus- 
trate the  relative  occurrence  and  distribution  of  impurities  in  the  dif- 
ferent coal  seams  worked  in  Illinois  together  with  the  nature  of  roof 
and  floor.  These  in  no  way  reflect  on  or  give  prominence  to  any  one 
seam,  since  the  quality  of  the  merchantable  coal  is  largely  affected  by 
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the  care  and  skill  exercised  in  its  mining  and  preparation.  These 
sections  and  the  accompanying  analyses  of  the  coal  listed  in  Table  5 
are  based  mainly  upon  data  gathered  by  the  Illinois  Coal  Mining  Co- 
operative Investigation. 

The  instructions  given  the  samplers  engaged  in  gathering  the  face 
samples  for  the  analyses  called  for  the  exclusion  of  all  impurities  in 
the  seam  more  than  }i  inch  thick,  or  thinner  partings  or  impurities  if, 
in  the  judgment  of  the  sampler,  such  are  excluded  by  the  miner  in 
loading  the  coal.  The  latest  directions  of  the  U.  S.  Bureau  of  Mines 
for  taking  face  samples  are  practically  the  same,  with  the  addition  that 
"lenses  or  concretions  of  'sulphur'  or  other  impurities  more  than  2 
inches  in  maximum  diameter  and  one-half  inch  thick  are  excluded  if, 
in  the  judgment  of  the  sampler,  they  are  being  excluded  by  the  miner 
from  the  coal  as  loaded  out  of  the  mine  or  as  shipped."*  It  is  evi- 
dently assumed  that  these  are  the  maximum  sizes  the  miner  would 
allow  to  enter  the  car  with  the  coal.  The  commercial  sizes  of  pre- 
pared coal  may  be  higher  or  lower  in  impurities  and  ash  than  these 
face  samples,  depending  largely  on  the  care  used  in  preparation. 

Seam  No.  1  in  Mercer  county  (Fig.  13a),  averages  4  feet  in 
thickness.  The  coal  has  weak  or  incipient  cleavage,  along  which 
plates  and  films  of  pyrite  or  calcite  may  be  developed,  and  locally,  sul- 
phur bands  are  interbedded  with  the  coal.  Directly  over  the  coal  is  a 
shale  band  2  to  5  inches  thick,  which  tends  to  disintegrate  and  fall  on 
exposure  to  the  air,  and  which  may,  therefore,  mix  with  the  coal. 
Below  the  mineable  coal  there  may  be  a  thin  band  of  bone  giving  way 
to  a  soft  fireclay,  that  swells  badly  on  exposure.  This  has  been  likened 
to  bread  rising.  The  output  from  this  seam  is  scarcely  large  enough 
to  affect  the  general  market. 

Seam  No.  2  in  McDonough  county  (Fig.  13b),  averages  about  30 
inches  in  thickness  and  consists  of  a  top  and  a  bottom  band  which 
are  separated  as  shown.  The  coal  as  a  whole  is  built  up  of  fine  lami- 
nations of  bright  and  dull  coal.  Irregular  bands  and  lenses  of  pyrite 
occur  in  places.  The  roof  is  a  grey  shale  or  "soapstone,"  and  the 
floor  fireclay ;  usually  soft. 

Seam  No.  2  in  LaSalle  county  (Fig.  13c),  averages  about  3  feet, 
6  inches  in  thickness.  The  coal  is  uniformly  long  grained,  hard,  bright 
and  firm.  It  tends  to  split  parallel  to  the  bedding,  being  aided  by  the 
mother  coal  layers.  One  or  two  irregular  bands  of  sulphur  balls  are 
found  in  some  places.  The  roof  is  a  brittle  blocky  gray  shale  or  soap- 
stone  separated  from  the  coal  by  a  clay  band  y2  inch  to  1  inch  thick. 
The  floor,  in  which  undercutting  is  often  done,  may  vary  from  fireclay 
to  a  sandstone.  In  general,  this  is  a  clean  seam  and  little  or  no  pick- 
ing is  necessary  to  prepare  an  excellent  lump  coal  for  the  market. 
Considerable  fire  clay,  which  may  be  removed  by  washing,  is  mixed 


*A.  C.  Fieldner,  "Notes  on  the   Sampling  and  Analysis  of  Coal."     U.  S. 
Bureau  of  Mines,  Technical  Paper  76,  p.  8. 
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Fig.  14.    Typical  Sections  of  Seam  No.  5. 
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with  some  of  the  screenings.*  As  an  illustration,  raw  screenings  from 
this  field  containing  28.87  per  cent  ash,  are  reduced  by  washing  to 
nut  coal  containing  8.75  per  cent  ash  and  to  slack  coal  containing  9.96 
per  cent  ash.f     The  top  coal  is  generally  harder  than  the  bottom. 

Seam  No.  5  at  Lincoln,  Logan  county  (Fig.  14a),  consists  of 
about  5  feet  of  bright  massive  coal.  There  are  some  irregular  balls 
and  bands  of  sulphur  and  other  impurities  present.  The  roof  con- 
tains frequent  concretions  or  "niggerheads." 

Fig.  14b  shows  the  same  seam  in  the  Springfield  district.  The 
sulphur  here  often  is  irregularly  distributed  in  thin  plates  in  the 
cleavage  planes  of  the  coal.  The  seam  in  this  district  is  relatively 
free  from  impurities.  The  chief  of  these  is  sulphur  in  vertical  faces. 
Also,  in  places  a  rather  high  percentage  of  ash  is  noted  in  the 
lump  coal,  due  to  a  slight  tendency  of  the  coal  to  be  bony.  This  same 
tendency,  however,  results  in  a  coal  that  is  unusually  tough,  hard  and 
firm,  and  able  to  withstand  breakage  as  well  as  any  in  the  state. 
Rolls,  horsebacks,  and  clay  veins,  which  are  of  frequent  local  occur- 
rence, are  often  avoided  by  careful  mining.  The  fact  that  of  these  clay 
veins  the  large  ones  are  soft,  and  the  small  ones  are  hard,  has  con- 
siderable effect  on  the  cleanness  of  the  adjacent  coal. 

Fig.  14c  shows  the  seam  mined  in  Saline  county,  and  correlated 
by  the  State  Geological  Survey  with  seam  No.  5.  In  general  it  is  a 
bright  laminated  coal,  the  hard  top  coal  being  succeeded  by  a  much 
softer  coal  in  the  middle  of  the  seam,  and  this  by  a  harder  coal  on  the 
bottom.  The  noticeable  feature  of  this  seam  here  is  its  low  moisture 
content.  This  coal  has  been  compared  favorably  with  the  famous 
Hocking  Valley  coal.i  Locally,  in  the  roof  there  are  bone  and  stringers 
of  coal  up  to  3  feet  or  more  above  the  true  coal.  The  roof  is  generally 
a  hard  calcareous  shale,  while  the  fireclay  bottom  in  places  is  sandy 
and  heaves  badly  when  wet.  Only  incipient  cleavage  is  developed,  and 
the  coal  has  a  good  reputation  for  hardness. 

Seam  No.  6  (Fig.  15a)  in  the  Standard  district  east  of  East  St. 
Louis  is  usually  divided  into  several  benches  by  partings,  sometimes 
of  mother  coal,  often  by  sulphur  or  by  shale  bands,  which  include 
the  blue  band.  In  many  places  the  roof  consists  of  a  thin  layer  of 
dark  drawslate,  locally  called  clod,  containing  frequent  niggerheads. 
In  places  in  which  this  drawslate  is  absent,  the  cap  limestone  forms 
a  firm  roof.  According  to  A.  J.  Moorshead,^  the  coal  is  harder  where 
limestone  forms  the  direct  roof.  The  floor,  although  a  clay  shale 
containing  frequent  boulders,  as  a  rule  does  not  heave,  except  when 
wet.     In  the  mines  in  which  the  coal  is  thick   (8  feet)   the  top  coal 

*A.  Bement,  "Illinois  Coal  Fields."    J.  W.  S.  E.,  June,  1909. 
fF.  C.  Lincoln,  "Coal  Washing  in  Illinois."     Bulletin  No.  69,  Engineering 
Experiment  Station.  University  of  Illinois,  p.  SO. 

*A.  Bement,  "The  Illinois  Coal  Field."     T.  W.  S.  E.,  Vol.  14,  1009.  p.  319. 
ffColliery  Engineer,  1914,  p.  435. 
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shown  is  often  left  in  order  to  hold  the  roof  in  place.  Since  the  district 
covered  in  the  analyses  embraces  fifteen  counties  in  whole  or  in  part, 
considerable  difference  is  evident  in  local  physical  characteristics.  On 
the  whole,  the  coal  contains  enough  bands  of  impurities  to  require  care 
and  attention  in  removing  them  during  its  preparation. 

Seam  No.  6  in  Williamson  and  Franklin  counties  (Fig.  15b), 
varies  from  7]/2  to  14  feet  in  thickness.  Excepting  for  the  blue  band 
and  locally  sulphur  in  thin,  irregular  vertical  plates,  the  coal  is  clean. 
Although  from  the  standpoint  of  heating  value,  it  is  not  the  best  coal 
in  the  state,  its  toughness,  strength  and  clean  glossy  appearance  make 
it  a  favorite,  especially  for  domestic  trade  and  for  northwest  ship- 
ments often  requiring  several  handlings  enroute.  Also,  it  withstands 
storage  well.  In  places  a  definite  east  and  west  vertical  cleavage  affects 
to  some  degree  the  sharpness  of  its  breakage.  The  top  coal  is  fre- 
quently left  in  place. 

The  coal  in  seam  No.  6  in  Macoupin  county  (Fig.  15c),  is  often 
more  brittle  than  that  in  the  same  seam  farther  south.  This  county 
is  included  in  the  average  analysis  given  for  seam  No.  6,  Fig.  15a. 

Seam  No.  2  in  Jackson  county  (Fig.  16a),  is  often  called  Big 
Muddy  or  New  Kentucky.  Its  chief  characteristics  are  general  free- 
dom from  impurities  and  high  fixed  carbon,  as  compared  with  most 
other  coals  of  the  state.  The  thin  bone  parting  varies  from  zero  up 
to  30  feet  in  thickness,  in  which  case  only  the  lower  and  better  bed  is 
mined.  The  cleavage  is  more  pronounced  than  in  any  other  district 
in  the  state,  the  coal  breaking  freely  northeast  and  southwest,  thus 
making  blocky  lumps  of  a  bright  lustre.  As  a  rule,  the  floor  is  more 
stable  than  those  in  the  other  districts.  The  former  use  of  this  coal 
for  the  manufacture  of  blast  furnace  coke  indicates  its  generally  low 
sulphur  content.  A.  Bement  called  this  coal  the  best  west  of  the 
Appalachian  region,*  and  it  is  to  be  regretted  that  the  district  is  so 
limited. 

Seam  No.  6  in  the  Danville  district  (Fig.  16b),  called  the  Grape 
Creek  field,  consists  of  two  benches,  separated  by  the  blue  band,  the 
upper  bench  being  usually  duller  and  dirtier  than  the  lower.  The 
roof,  varying  from  a  gray  to  a  dark  shale  with  little  bedding,  breaks 
away  easily  and  falls,  often  in  conchoidal  masses,  and  thus  is  mixed 
more  or  less  with  the  coal.  The  underclay  swells  readily.  The  bands 
and  nodules  of  pyrite  present  are  usually  thick  enough  to  allow  hand 
separation.  Rolls  occur  in  both  floor  and  roof,  and  frequent  horse- 
backs tend  to  mix  considerable  fine  impurity  with  the  coal. 

Seam  No.  7  (Fig.  16c),  as  it  occurs  in  the  Danville  district,  is  the 
uppermost  seam  exploited  commercially  in  the  state.  The  feature 
of  the  bed  is  the  large  lenses  and  bands  of  sulphur,  which  can  be  easily 

*Black  Diamond,  June  27,  1914,  p.  53. 
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removed  in  mining  and  preparation.  In  general,  the  lower  bench  of 
the  seam  is  hard  and  dull,  overlaid  by  a  softer,  cleaner  coal  near  the 
center  of  the  seam  and  again  by  a  harder  bright  coal  at  the  top.  The 
cap  rock,  a  gray  clay  shale,  is  soft,  and  where  open  cut  mining  is  prac- 
ticed is  dug  and  removed  by  steam  shovels.  The  bottom  is  soft  and 
rolls  are  frequent. 

PART   II.      IMPURITIES. 

Impurities  in  the  Coal  Bed. — The  diagrams  or  logs  of  the  various 
Illinois  coal  seams  (Figs.  13-16),  show  that  they  contain  various  thin 
bands  or  streaks  of  impurities,  such  as  are  found  in  practically  all 
bituminous  seams.  In  order  to  discuss  these  impurities,  they  have 
been  divided  by  authorities  into  groups  relating  either  to  their  origin, 
position  in  the  seam,  or  ease  of  removal.  The  writer  prefers  a  group- 
ing by  origin  which  divides  these  coal  impurities  into  three  general 
groups  which  have  been  variously  named  as  follows : 

Group  1.  Innate,  Intermixed,  Inherent,  Normal  Ash,  or  Insep- 
arable Impurities. 

Group  2.  Sedimentary,  Interbedded,  Intercalated,  or  Separable 
Impurities. 

Group  3.  Infiltrated,  Extraneous,  Interstitial,  Segregated,  Subse- 
quent, or   Precipitated   Impurities    (Sometimes   Separable). 

Group  i.  Innate  or  Inseparable  Impurities. — All  the  terms  listed 
under  this  group  have  been  used  to  describe  the  true  or  normal  ash 
of  the  coal.  Since  coal  is  a  product  of  plant  remains,  it  must  contain 
the  original  mineral  matter  or  ash  of  such  plant.  Trees  or  plants  of 
the  present  day  contain  about  one  per  cent  ash,  but  since  ancient  plant 
remains  have  undergone  great  changes  and  losses  of  weight  through 
partial  decomposition  before  arriving  at  their  present  stage  of  coal, 
and  since  the  mineral  matter  remains  without  loss  in  the  decreasing 
residue,  the  inherent  ash  may  amount  to  a  much  larger  percentage 
in  the  coal  than  in  the  original  vegetable  matter.  Such  impurity  may 
be  considered  a  part  of  the  original  coal  substance.  It  is  present  in 
every  piece  of  coal  and  cannot  be  removed  or  altered  by  any  process 
of  preparation.  Certain  coals  have  probably  as  low  as  2y2  per  cent 
inherent  ash.  The  author  determined  approximately  by  a  number  of 
experiments  the  inseparable  or  inherent  impurities  in  Illinois  coal. 
Each  sample  was  crushed  to  pass  a  ^-inch  mesh  screen  and  then  sub- 
jected to  a  "float  and  sink"  test  in  a  solution  of  1.35  specific  gravity, 
which  allowed  the  purest  coal  to  float  and  the  separable  impurities 
to  sink.  The  results  indicated  that  the  inseparable  impurities  varied 
from  3  to  7  per  cent,  with  an  average  of  about  5  per  cent. 

If  the  coal  bed  were  formed  slowly  by  accumulations  under  shel- 
tered and  shallow  water  conditions,  and  if  this  water  were  clear  and 
without  sediment,  a  coal  would  result  containing  only  inherent  ash. 
If,  however,  the  waters  of  the  marsh  contained  sediment,  such  as 
might  arise  from  the  influx  of  rivers,  etc.,  the  slow  settlement  of  this 
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slimy  mineral  matter  simultaneously  with  the  growth  of  the  eoal 
forming  bed  would  produce  a  coal  containing  a  uniform  mixture  of 
this  impurity  and  coal.  Such  an  impurity  would  increase  the  ash  con- 
tent, and  as  it  increased  in  amount  would  cause  the  coal  to  assume 
more  and  more  a  rocklike  character,  both  in  appearance  and  physical 
characteristics.  •  Since  such  sediment  is,  in  most  cases,  a  clay-like 
slime,  or  clay  in  a  more  or  less  colloidal  state,  which  becomes  shale 
under  heat  and  pressure,  its  presence  in  increasing  percentages  tends 
to  lower  rapidly  the  commercial  value  of  the  coal.  These  impure 
coals  are  called  bony  coal  or  simply  "bone,"  and  by  English  engineers 
"bass.'*  Geologically,  there  may  be  a  range  of  bone  coals  containing 
as  much  as  50  per  cent  clayey  matter;  beyond  this  point  the  substance 
is  no  longer  coal,  but  a  carbonaceous  shale,  with  pure  shale  as  a 
limit. 

it  these  conditions  persisted  to  a  slight  degree  only  during  the 
formation  of  the  coal  bed,  this  admixture  of  impurity,  while  increas- 
ing slightly  the  ash  content  of  the  coal,  would  produce  through  its  own 
cementing  tendency  a  harder  and  firmer  coal  than  the  average.  As 
an  illustration,  the  clean  lump  from  seam  No.  5  in  the  Springfield  and 
Peoria  districts  is  usually  slightly  higher  in  ash  than  the  usual  clean 
coal  from  some  other  districts,  but  is  of  such  a  recognized  hard  nature 
that  special  provision  is  made  for  its  mining  in  the  agreement  between 
operators  and  miners. 

If  these  conditions  favoring  the  formation  of  bone  coal  were 
periodic  or  infrequent  during  the  growth  of  the  seam,  certain  benches 
only  of  the  coal  seam  would  be  bony.  At  many  places  in  this  state 
the  bottom  bench  of  the  seam  is  of  a  higher  ash  content  and  is  harder 
than  the  upper  benches,  although  not  bony  to  a  degree  which  inter- 
feres with  its  commercial  value.  This  is  illustrated  by  seam  Xo.  7 
in  the  Danville  district.  On  the  whole,  the  coal  seams  of  Illinois  are 
unusually  free  from  benches  of  true  high  ash  bone  coal,  and  trouble  is 
caused  by  it  locally  in  one  or  two  seams  only. 

The  moisture  and  oxygen  in  the  coal  are  also  inherent  impurities, 
but  since  they  are  removed  only  by  weathering,  heating  and  similar 
methods,  they  are  not  impurities  removable  in  the  dry  preparation  of 
coal  at  the  mines.  S.  W.  Parr  says,  "A  coal  with  14  per  cent  moisture 
may  reach  the  consumer  with  10  per  cent  only,  therefore  the  value  per 
ton  is  greater  than  when  the  coal  left  the  mine."*  This,  however,  is 
probably  due  to  part  of  the  moisture  in  Illinois  coals  being  held 
mechanically  in  the  pores  and  drying  out  on  exposure ;  therefore,  it  is 
not  an  impurity  under  control  id"  the  operator  in  the  preparation  of  the 
coal. 

The  effect  of  oxygen  in  coal  is  fully  discussed  by  David  White, 
who  shows  in  Bulletin  21',  P.  S.  Bureau  of  Mines,  that  oxygen  is 
an  inert  constituent  in  coal,  and  unit  for  unit  of  weight  takes  the  place 
of  so  much  combustible  material. 


*Rulletin  Xo.  16,  111.  State  Geol.  Survey,  p.  227. 
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Fig.  17.     The  "Blue  Band." 
AA  =  Line  of  Blue  Band. 
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Group  2.  Sedimentary  or  Interbedded  Impurities.— Bone  coal  may 
be  formed  in  layers  or  bands  intermixed  with  and  separable  from  the 
better  coal.  Such  bands  may  be  of  any  percentage  mixture  of  pure 
coal  and  mineral  matter  and  range  in  thickness  from  a  knife  ed-e 
to  a  dimension  that  separates  the  coal  into  two  benches.  Moreover 
such  a  band  may  be  either  flat  or  lenselike  in  shape,  and  either  locai 
or  of  even  thickness  over  a  considerable  area. 

During  mining  these  hands  tend  to  break  free  from  the  coal  into 
characteristic  flat  pieces.  As  they  approach  a  pure  shale  in  compo- 
sition (A12032H,0  +  XSiCX)  and  also  containing  varying  percentages 
<»t  lime  (LaL03),  the  color  becomes  lighter,  usually  a  stony  gray  and 
the  specific  gravity  increases.  This  makes  easy,  detection  and  removal 
of  the  coarsest  bands  by  the  miner  at  the  face,  or  by  the  picker  in 
the  better  light  of  the  tipple  above  ground.  If  these  bands  are  in 
coal  below  two  or  three  inches  in  size  and  above  5  to  10  per  cent  in 
quantity,  their  removal  is  accomplished  only  by  some  mechanical 
means,  chiefly  washing.  From  the  larger  sizes  of  coal,  approximatelv 
those  above  three  inches,  and  not  exceeding  5  to  10  per  cent  in  quan- 
tity, these  shale  bands  can  be  removed  by  hand  picking,  although  at 
the  present  time  the  largest  percentage  of  such  an  impurity  hand 
picked  in  an  Illinois  tipple  does  not  exceed  3  per  cent  of  the  total  coal, 
or  about  4.5  per  cent  of  the  sizes  above  screenings. 

Bands  of  bone  coal,  containing  more  than  50  per  cent  of  coal  sub- 
stance, are  dark  in  color  and  not  greatly  different  from  the  coal  in 
weight.  This  renders  their  removal  difficult,  whether  attempted  by 
hand  picking  or  by  washing,  which  process  depends  for  success  upon 
a  considerable  difference  of  specific  gravity  between  coal  and  impurity. 

An  examination  of  the  coal  sections  illustrated  on  pages  47  to 
52  shows  that  the  thinner  of  these  impure  bands,  those  under  %  or 
Y&  inch  in  thickness,  may  easily  become  mixed  with  the  finer  coal  and 
not  be  detected.  The  thicker  ones  must  be  removed  at  some  stage  of 
the  preparation,  since  the  appearance  and  consequently  the  sale  of  the 
coal  is  injured  by  their  presence,  perhaps  more  than  the  coal  is  actually 
deteriorated  chemically.  Unfortunately,  many  of  the  shale  bands  in  Illi- 
nois coal  are  rather  soft  and  tend  to  soften,  peel,  and  disintegrate 
rapidly  upon  exposure  to  air  and  moisture.  For  this  reason,  their  com- 
plete removal  from  the  finer  sizes  of  coal  is  a  problem  of  some  difficulty. 
In  most  cases,  the  purer  the  shale,  the  more  it  tends  to  soften  and 
disintegrate.  The  floor  shale  "fireclay"  tends  to  disintegrate  much 
more  rapidly  than  the  interbedded  or  the  roof  shale.  The  miners  of 
the  state  call  these  bands  of  impurities  "blue  band"  (referring  to  the 
well  known  impurity  of  seam  No.  6),  "black  band,"  "blackjack," 
"stone,"  "grit,"  "dirt,"  or  "brash."  Fig.  17  shows  the  blue  band  of 'Seam 
No.  6  in  Franklin  county.  Lumps  in  which  coal  layers  and  shale  bands 
are  intimately  mixed  in  the  same  piece  are  called  "intermixed."  or 
"intergrown"  coal. 

Group  5.     Infiltrated  or  Subsequent  Impurities. — This  group  in- 
cludes the  visible  impurities  in  the  coal  which  were  introduced  subse- 
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quent  to  the  formation  of  the  hed,  such  as  pyrite,  calcite,  or  gypsum. 

Underground  circulating  waters  contain  considerahle  amounts  of 
iron,  lime,  and  gypsum  salts  in  solution,  which  deposit  or  precipitate 
under  favorable  conditions.  Such  conditions  are  furnished  by  the 
reducing  tendencies  of  the  carbonaceous  matter  of  the  coal,  and  by  the 
more  porous  layers  of  the  seam  which  furnish  easy  channels  of  circu- 
lation for  the  solutions.     The  firmer  bands  of  the  seam  tend  to  define 


Fig.  18.     Pyrite  Lense  in  Illinois  Coal. 


and  limit  these  channels.  Having  started  deposition  around  some 
favorable  nucleus,  further  deposition  tends  to  enlarge  the  particle. 
The  final  result  will  be  nodules,  bands  or  lenses  of  pyrite  (iron  sulphide, 
FeS2),  containing  if  pure  46.6  per  cent  iron  and  53.4  per  cent  sul- 
phur. By  the  miners  they  are  usually  called  "sulphur  balls,"  "sul- 
phur," "cat  faces,"  "kidney  sulphur,"  or  "brasses."  The  nodules  have 
an  irregular  maximum  thickness  of  several  inches.  Less  resistance 
usually  has  been  offered  to  the  growth  of  these  masses  along  the  bed- 
ding or  lamination  planes  of  the  coal ;  for  this  reason  sulphur  bands 
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are  horizontal  in  the  bed,  and  may  be  either  flat  or  slightly  lenticular 
in  shape.  Often  the  bands  are  quite  flat,  are  as  much  as  one  or  two 
inches  in  vertical  thickness,  and  may  have  a  horizontal  extent  of  many 
square  feet.  The  lenses  are  sometimes  5  or  6  inches  in  vertical  dimen- 
sion and  considerably  greater  in  length  along  the  bed.  Like  inter- 
bedded  shale  the  pyrite  is  rarely  pure  in  composition,  an  analysis  of 
one  lump  showing  33.2  per  cent  of  volatile  matter  and  fixed  carbon 
present.  Occasionally,  lumps  of  pyrite  are  seen,  the  forms  of  which 
suggest  the  replacement  of  bits  of  branches  or  other  woody  tissue. 
Fig.  18  illustrates  the  occurrence  of  pyrite  lenses  in  Illinois  coal. 

The  sulphur  balls  or  bands,  being  brassy  yellow  in  color  and 
of  high  specific  gravity  (if  pure  from  4.9  to  5.1)  are  easily  distin- 
guishable by  the  miner,  and  are  usually  thrown  into  the  gob.  Fre- 
quently the  pieces  are  more  or  less  coated  with  adhering  coal,  and  if 
missed  by  the  miner  are  removed  by  hand  picking  in  the  tipple  or  on 
the  railroad  cars. 

At  one  mine  in  the  Standard  (Belleville)  district  at  which  seam 
No.  6  is  worked,  enough  of  this  lump  pyrite  is  picked  in  a  clean  condi- 
tion from  the  coal  during  screening  and  loading  to  justify  saving  and 
shipping  the  product  to  various  chemical  companies  for  use  in  the 
manufacture  of  sulphuric  acid.  At  certain  mines  in  the  Danville  dis- 
trict (seam  No.  7),  numerous  large  bands  of  pyrite  are  hand  picked 
from  the  coal  by  the  loaders,  or  in  the  tipple  by  pickers  during  screen- 
ing and  cleaning.  Enough  impure  pyrite  is  secured  from  several  mines 
to  justify  the  erection  and  operation  of  a  washing  or  jigging  plant  in 
which  the  raw  pyrite  or  sulphur  with  its  adhering  bands  or  bunches  of 
coal  is  crushed  and  washed.  After  the  completion  of  this  process  the 
clean  pyrite  is  shipped,  and  a  quantity  of  fairly  clean  small  coal  is 
recovered  as  a  by-product.  In  most  other  places  in  the  state  pyrite  is 
justly  regarded  as  a  deleterious  impurity,  not  only  harming  the  appear- 
ance of  the  coal  if  not  removed,  but  aiding  materially  through  its 
combustion  products  FeS  and  FeO  in  the  formation  of  clinker  when 
the  coal  is  consumed. 

Information  obtained  by  correspondence  with  various  chemical 
companies  indicates  that  the  possible  market  for  such  a  product  as 
pyrite  is  limited  since  pyrite  is  used  in  quantities  for  the  manufacture 
of  sulphuric  acid  only  when  there  is  a  scarcity  of  the  usual  and 
cheaper  raw  material — the  sulphur  in  zinc  blende.  Any  attempt  on 
the  part  of  Illinois  coal  operators  to  generalize  the  commercial  pro- 
duction of  pyrite  a?  a  by-product  of  washing  or  of  picking  belt,  would 
result  at  present  in  a  complete  demoralization  of  the  market  and  in  a 
consequent  lack  of  sale. 

If  all  the  sulphur  in  Illinois  coals  were  in  this  lumpy  form  its 
removal  would  not  present  any  serious  difficulties  since  it  can  easily 
be  removed  from  the  smaller  sizes  by  mechanical  washing  processes. 
Unfortunately,  in  many  of  the  districts  in  this  state  the  pyrite  is 
found  adhering  to  the  coal  in  very  thin  leaves  or  plates,  often  several 
inches  square  and  of  almost  infinitesimal  thickness.   These  plates  have 
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originated  by  reason  of  the  incipient  vertical  cleavage  in  the  coal,  such 
planes  of  weakness  having  afforded  opportunity  for  the  deposition  of 
pyrite  in  irregular  thin  plates.  When  the  coal  is  mined,  it  breaks  into 
lumps  more  or  less  along  these  cleavage  lines,  thus  exposing  to  view 
the  thin  brassy  plate  of  pyrite.  By  actual  weight  or  percentage  the 
amount  of  sulphur  in  such  a  coal  may  be  small,  even  smaller  than  in 
coals  which  show  no  sulphur  to  the  naked  eye.  Coal  with  these 
glistening  films  is  at  a  disadvantage  on  the  market  since  consumers 
believe  that  they  are  an  indication  of  an  inferior  fuel. 

Such  pyrite  is  difficult  to  remove  from  the  coal  underground;  in 
fact,  so  many  lumps  of  coal  may  have  one  or  more  glistening  sulphur 
faces  that  a  clean  separation  would  involve  the  waste  of  a  large  per- 
centage of  the  coal.  Unfortunately  for  miner  and  operator  alike, 
every  fresh  break  in  the  coal  during  preparation  is  likely  to  expose 
fresh  brassy  faces.  Again,  these  thin  films  hang  closely  to  the  coal, 
and  their  removal  by  any  process  of  breaking  and  picking  involves 
the  loss  of  much  lump  coal.  Another  factor  is  that  coal  dust  easily 
sticks  to  and  hides  these  faces,  making  them  indistinguishable  until 
subsequent  drying  and  jarring  again  bring  them  to  light. 

At  one  mine  as  many  as  fifty  tons  of  coal  having  blotches  of  this 
pyrite  are  picked  out  in  the  tipple  each  day  in  an  effort  to  ship  coal 
that  looks  well.  This  is  about  2y2  per  cent  of  the  daily  production 
of  the  mine.  The  coal  thus  separated  is  crushed  and  used  as  second 
grade  fuel.  At  another  mine  which  makes  a  specialty  of  sized  domestic 
grades,  the  egg  and  nut  coal  are  wetted  or  rinsed  by  sprays  of  water 
before  being  hand  picked,  thus  removing  any  adhering  dust  and  bring- 
ing to  light  the  pyrite  films.  This  rejected  coal  is  also  used  for  pur- 
poses for  which  appearance  is  not  a  requisite. 

The  author  has  not  observed  any  regularity  by  districts  in  the 
distribution  of  this  leaf  pyrite,  e^ery  seam  in  Illinois  containing  some 
of  it,  at  least  locally.  For  instance,  at  one  mine  no  leaf  pyrite  is  found 
in  seam  No.  6,  while  at  another  mine  only  a  few  miles  distant  it  is  pres- 
ent in  the  same  seam.  This  form  of  pyrite  cannot  usually  be  removed 
by  mechanical  washing,  because  it  adds  little  to  the  weight  of  the 
individual  piece  of  coal  to  which  is  it  attached.  In  general,  operators 
troubled  by  it,  though  at  a  disadvantage  in  the  open  and  domestic 
markets,  should  have  little  difficulty  meeting  competition  based  on 
specifications  since  the  trouble  often  looks  worse  than  it  really  is. 

The  total  sulphur  content  of  Illinois  coals  ranges  from  1  to  6 
per  cent,  most  of  it  being  held  in  the  forms  previously  noted.*  The 
remainder,  probably  from  l/A  to  24  per  cent  of  the  coal,  is  in  some 
not  well  understood  chemical  organic  combination,  probably  with  the 
hydrogen  and  carbon  of  the  coal.  Such  organic  sulphur  supposedly 
is  completely  burned  in  the  process  of  combustion.  This  form  of 
sulphur  is  present  in  all  coals,  and  is  so  intimately  combined  with  the 
coal  substances  that  it  is  not  apparent  to  the  eye  and  cannot  be  mechan- 


*S.  W.  Parr,  Bulletin  16,  Illinois  State  Geological  Survey,  p.  226. 
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ically  separated  from  it.  For  this  reason,  it  may  be  classed  with  the 
ash  of  Group  1.  The  minute  percentages  of  phosphorus  present  in 
coal  may  be  classed  with  this  sulphur.  Such  organic  sulphur  does  not 
lessen  the  value  of  a  coal  for  combustion. 

Only  those  forms  of  sulphur,  such  as  pyrite,  which  occur  as  a 
mineral  in  the  coal  and  which  after  combustion  leave  an  incombustible 
basic  residue  such  as  iron  oxide  (FeO),  promote  the  formation  of 
the  ash  slag  known  as  clinker.  However,  a  complete  solution  of  the 
clinker  problem  involves  a  study  of  combustion  temperature  and  con- 
ditions* and  of  the  proportion  in  the  ash  of  the  basic  compounds  (iron 
or  lime)  to  acid  compounds!  (silica  and  alumina),  and  of  their  rela- 
tive sizes  and  admixture.     Pyrite  alone  need  not  cause  trouble.^ 

Calcite  (CaC03),  and  in  smaller  quantities,  gypsum  or  calcium  sul- 
phate (CaS04.  2H20),  and  still  smaller  amounts  of  other  salts  occur 
in  much  the  same  way  as  flake  pyrite.  Many  Illinois  coal  beds  contain 
these  thin  flakes  of  calcium  sulphate  and  of  gypsum  in  the  small  joints 
and  cleavage  planes  of  the  freshly  mined  coal.  If  these  minerals  are 
present  in  considerable  quantity  their  whitish  color  offers  an  easy 
means  of  detection,  and  removal  may  be  made  by  hand  picking.  Seams 
Nos.  1  and  7  especially  contain  in  places  considerable  amounts  of  these 
impurities.  The  presence  of  gypsum  adds  a  percentage  of  sulphur  to 
the  coal.  Whether  or  not  these  impurities  may  be  removed  by  wash- 
ing depends  upon  their  amount,  thickness,  and  tenacity  to  adhere  to 
the  coal.  At  only  a  few  mines  is  attention  paid  to  them  during  prepara- 
tion, their  presence  usually  being  of  chemical  interest  only. 

Another  probably  subsequent  impurity  is  the  clay  or  shale  which 
often  fills  small  vertical  fissures  through,  or  in  the  top  or  bottom  of 
the  coal  bed.  These  are  locally  called  slips,  horsebacks,  or  mud  seams. 
In  some  districts,  for  instance  around  Springfield,  these  impurities 
occur  frequently  in  seam  No.  5,  and  are  called  "clay  slips."  They  are 
probably  caused  by  the  soft  floor  or  roof  material  having  worked, 
under  pressure,  into  local  slips  or  faults  in  the  coal  bed.  Local  rolls 
in  roof  or  floor,  causing  thinning  of  the  seam,  together  with  more  or 
less  intermixture  of  coal  and  shale  often  occur.  The  method  of  sep- 
aration of  any  of  these  from  the  coal  is  similar  to  that  of  removing 
the  shales  as  noted  in  Group  2.  Many  such  disturbances  are  avoided  in 
mining  and  they  are  not  necessarily  an  impurity. 

Niggerheads  are  sometimes  present  in  or  just  above  the  coal 
bed.  In  the  same  way  that  pyrite  through  deposition  forms  sulphur 
balls,  calcium  carbonate,  or  iron  carbonate,  upon  deposition  around 
a  favorable  nucleus,  may  form  oval  concretions  or  niggerheads  often 
several  inches  or  even  feet  in  diameter.  These  impurities,  readily 
detected  on  account  of  their  size  and  shape,  can  be  easily  removed 
by  the  miner  when  shot  down  with  the  coal  in  the  mine. 

Even  the  coal  part  of  a  seam  is  not  a  solid  homogenous  mass  of 


*S.  W.  Parr,  Bulletin  16,  Illinois  State  Geological  Survey,  p.  226. 
tF.  R.  YYadleigh,  Coal  Age,  June  22,  1912,  p.  1206. 
iW.  R.  Phillips,  Coal  Age,  July  27,   1912,  p.  111. 
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pure  shining  coal.  A  casual  inspection  shows  that  the  seam  is  built 
up  of  alternate  bands  or  laminae  of  bright,  shiny  coal,  and  dull,  lustre- 
less coal.  According  to  T.  E.  Savage,*  a  close  examination  of  much 
of  the  Illinois  coal  shows  that  these  alternating  laminae  are  generally 
between  1/32  and  ^  inch  and  often  more  in  thickness,  and  that  in 
places  the  dull  laminae  make  up  nearly  one-half  of  the  coal  bed.  Coal 
in  which  the  bright  bands  predominate  has  in  the  small  sizes  a  bright 
appearance  approaching  anthracite,  popularly  supposed  to  be  necessary 
with  a  good  coal. 

A  powdery  dull  thin  band  generally  of  paper  thickness,  called 
mother  of  coal,  mineral  charcoal,  or  carbonized  wood,  forms  a 
distinct  parting  between  many  of  these  layers  or  laminae  in  Illinois 
coals.  On  exposure  such  a  band  leaves  a  slight  smut  when  touched 
with  the  finger.  If  of  any  thickness,  it  dusts  badly  when  the  coal  is 
mined  and  must  in  such  cases  be  a  definite  factor  in  the  formation  of 
fine  dust.  Although  somewhat  unlike  the  other  dull  coal  in  appear- 
ance, this  mother  of  coal  is  usually  associated  with  and  constitutes 
a  part  of  such  a  band. 

David  White  and  R.  Thiessen,f  and  James  Lomax,|  have  studied 
microscopically  the  bright  and  dull  bands  in  coal  and  their  conclusions 
are  that  dull  bands  may  be  as  truly  coal  substance  as  the  bright  bands 
with  which  they  are  associated.  E.  C.  Jeffrey^  came  to  the  same  con- 
clusions concerning  mother  of  coal  or  mineral  charcoal.  These  state- 
ments do  not  apply  to  the  definite  bone  or  shale  bands  which,  although 
dull  in  color,  are  entirely  different  in  appearance.  An  analysis  of  the 
dull  mother  of  coal  layers  from  seam  No.  6  in  Williamson  county§ 
showed  them  to  contain  the  same  amount  of  ash  as  the  average  coal 
from  the  seam.  Several  analyses  made  recently  by  M.  L.  Nebel,** 
however,  showed  in  every  case  higher  ash  values  in  the  dull  bands 
than  in  the  bright  bands  in  the  same  lump  of  coal.  A  sample  of 
mother  of  coal  taken  from  a  band  j/2  inch  in  thickness  in  seam  No. 
6,  Williamson  county,  and  analyzed  under  the  direction  of  the  writer, 
gave  the  following  proximate  analysis:  Moisture  (as  received)  0.16 
per  cent;  volatile  matter  9.75  per  cent;  fixed  carbon  87.47  per  cent; 
ash  1.72  per  cent;  and  sulphur  0.90  per  cent.  This  indicates  that 
mother  of  coal  is  a  high  grade  coal  of  different  composition  than 
the  rest  of  the  seam.  Since  the  presence  of  the  dull  laminae  and  the 
mother  coal  are  specially  prominent  in  Illinois  coals  and  since  coal 
of  a  dull  appearance  is  at  a  disadvantage  in  the  open  market,  further 
analytical  work  concerning  the  relative  purity  and  composition  of  these 
bands  is   desirable. 


*Journal  of  Geology,  Vol.  22,  No.  8,  1914. 

f'The  Origin  of  Coal,"  Bulletin  38,  U.  S.  Bureau  of  Mines,  pp.  29  and  64. 
i"Microscopic  Examination  of  Coal,"  T.  I.  M.  E.,  Vol.  42,  p.  2. 
^Economic  Geology,  Vol.  9,  No.  8.  p.  734. 
§T.  E.  Savage,  Journal  of  Geology,  Vol.  22,  No.  8,  1914. 
**Results  of  these  analyses   will  appear  in   Bulletin  89  of  the   Engineering 
Experiment  Station,  University  of  Illinois. 
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Impurities  Entering  the  Coal  from  Roof  and  Floor. — In  a  major- 
ity of  the  mines  in  Illinois  the  roof  directly  above  the  mineable  coal 
is  of  a  soft  crumbly  nature.  In  some  of  the  thicker  coals,  as  in  seam 
No.  6  in  the  southern  districts,  this  roof  is  protected  by  leaving  the 
bench  of  top  coal  in  place.  In  other  districts  the  shale  roof  is  only  a 
few  inches  thick,  and  when  it  spalls  off  or  is  taken  down,  is  found  to 
be  overlaid  by  a  firm  limestone  or  other  resistant  roof.  In  mines  in 
which  the  coal  is  under  about  six  feet  in  thickness  and  in  which  it  is 
necessary  to  take  out  the  whole  seam,  excessive  use  of  powder  weakens 
the  roof,  which  frequently  breaks  off,  sometimes  in  large  slabs,  but 
oftener  in  small  scales.  When  this  "drawslate"  is  removed  some  of  it 
unavoidably  becomes  mixed  with  the  coal.  Seam  No.  6  in  the  Danville 
district  has  a  notably  crumbly  roof.  This  impurity  is  more  likely  to 
occur  in  solid  shooting  mines  than  in  machine  worked  or  in  longwall 
mines.  In  the  longwall  field,  however,  the  soapstone  or  slippy  shale 
roof  is  weak  and  brittle,  and  falls  unless  closely  propped.  In  the  state 
as  a  whole  there  are  conditions  of  roof  and  customs  in  the  use  of 
powder  which  tend  to  introduce  portions  of  this  roof  into  the  coal  as 
an  impurity.  As  a  rule,  this  material  keeps  its  structure  well  enough 
to  make  possible  its  removal  at  the  proper  place  by  picking  or  by 
mechanical  means  unless  extra  breakage  allows  it  to  pass  into  the 
screenings. 

The  different  seams  in  the  state  generally  have  a  soft  weak  clay 
shale  or  fireclay  bottom.  Often  this  floor  is  extremely  hard  when 
first  exposed  and  makes  a  suitable  bottom  from  which  to  shovel  the 
coal ;  in  other  places  it  is  softer  and  mixes  with  the  coal.  Usually, 
after  exposure  for  a  few  weeks  to  the  dry  atmospheric  conditions  in 
the  mine,  the  top  layers  of  such  a  floor  crumble  and  become  loose  and 
dusty.  Sometimes  the  floor  expands,  swells,  and  rises,  thus  increas- 
ing the  probability  of  the  presence  of  impurities  in  the  coal  should 
shoveling  be  necessary  at  such  places.  In  most  of  the  cases  which 
come  under  the  writer's  observation,  the  lumps  of  bottom  fireclay, 
although  they  may  be  hard  and  firm,  disintegrate  if  placed  in  water 
even  for  five  minutes.  Under  like  conditions  in  the  mine  the  bulk  of 
this  fireclay  passes  into  the  screenings  during  preparation.  In  parts 
of  the  longwall  field  hand  pick  undercutting  is  practiced  in  this  under 
shale  band,  producing  considerable  amounts  of  fine  shale,  which 
become  mixed  with  the  coal  and  pass  into  the  screenings.  Under  this 
condition  a  clean  high  grade  lump  coal  and  dirty  screenings  are  pro- 
duced.   This  practice  is  not  uniform. 

In  the  room  and  pillar  mines  floor  impurities  are  generally  intro- 
duced through  three  causes : 

(1)  Careless  shoveling. 

(2)  Excessive  disturbance  of  the  floor  by  heavy  shooting. 

(3)  Undercutting  in  the  bottom  clay  instead  of  in  the  lower  bench 
of  coal. 
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Careless  shoveling  explains  itself.  Concerning  the  second  cause, 
W.  R.  Coleman*  says  that  long  6  to  7  feet  holes  in  solid  shooting 
mines  in  Illinois  may  pick  up  from  4  to  10  inches  of  bottom  mud, 
which  becomes  mixed  with  the  coal  during  shoveling  into  the  mine 
car.  Although  these  are  extreme  cases,  they  illustrate  the  possibility 
of  the  addition  of  considerable  impurity  if  such  conditions  are  not 
kept  under  control.  Little  difficulty  should  be  experienced  in  under- 
cutting if  the  bottom  or  floor  is  fairly  level.  In  some  places  uneven 
floors  formed  by  rolls  and  horsebacks  may  be  cut  into. 


PART  III.       REMOVAL   OF  IMPURITIES. 

Removal  of  Impurities  Underground. — Most  of  the  larger  pieces 
of  separable  impurities  which  have  been  mined  with  the  coal  may  be 
removed  underground  by  hand  sorting  during  loading,  but  the  time 
spent  in  doing  this  reduces  a  miner's  daily  output  of  loaded  cars ; 
consequently,  there  is  an  inclination  to  minimize  this  work.  The 
regulations  pertaining  to  this  subject,  as  a  part  of  the  evolution  of 
present  preparation  practice,  have  been  outlined  in  Chapter  I,  pp. 
23  to  29. 

The  claim  has  often  been  made  that  the  most  efficient  place  for 
inspection  of  coal  for  impurities  is  underground  during  loading.  How- 
ever, as  the  miners  usually  work  in  pairs  only  and  in  separate  rooms, 
continual  underground  inspection  in  the  dim  light  is  impossible.  At 
several  mines  in  which  persistent  bands  of  impurities  occur,  the  assist- 
ant mine  manager  makes  regular  trips  through  the  mine  and  by  noting 
the  size  of  the  waste  or  rejected  pile,  or  the  character  of  the  coal  in 
a  partly  loaded  car,  he  is  able  to  estimate  rather  closely  the  percen- 
tage of  rejected  impurities.  If  he  detects  carelessness,  word  is  sent  to 
the  regular  coal  inspector  at  the  surface  plant  to  watch  closely  for  the 
cars  of  the  miner  in  question.  It  is  probable,  however,  owing  to  the 
multiple  duties  of  the  assistant  mine  manager  and  to  the  limited  num- 
ber of  these  officials  allowable  under  the  agreement  between  the 
operators  and  miners,  that  underground  inspection  is  casual  rather 
than  systematic. 

Once  in  the  mine  car  further  inspection  is  impossible  until  the 
coal  is  dumped  or  spread  out  on  the  screen  in  the  tipple.  One  mine 
only  was  visited  in  which  inspection  was  attempted  in  the  loaded  cars 
at  the  shaft  bottom  before  hoisting.  Since  the  natural  tendency  is  to 
put  clean  coal  on  the  top  of  the  car,  it  is  difficult  to  see  how  such 
inspection  could  be  effective.  At  the  particular  mine  noted,  condemned 
cars  were  not  hoisted  into  the  tipple,  but  were  set  off  at  the  surface 
landing  and  kept  there  for  the  inspection  of  the  interested  parties, 
and  in  full  view  of  all  men  entering  or  leaving  the  cage.  It  was 
explained  that  the  effect  of  this  was  noteworthy. 


*Proc.  1st  Annual  Convention,  International  Railway  Fuel  Association,  1909, 
p.  22. 
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It  is  necessary  to  emphasize  how  closely  all  the  impurities  loaded 
with  the  coal  are  within  the  control  of  the  miner  at  the  face.  If  he 
takes  pride  in  his  trade,  is  careful,  undercuts  with  skill,  uses  powder 
with  judgment,  and  loads  with  care,  a  considerable  part  of  preparation 
has  been  accomplished,  and  he  has  done  his  part  towards  making  a 
good  name  in  the  markets  for  the  mine  in  which  he  works. 

Removal  of  Impurities  in  the  Tipple.  At  practically  all  mines  in 
Illinois  an  attempt  is  made  to  remove  the  hulk  of  impurities  loaded 
underground  at  one  or  more  of  the  following  places  in  the  surface 
plant : 

(a)    In   the  tipple  during  screening. 

ih)   On   picking  hands  or  belts  after  screening. 

(c)  During  the  loading  of  the  railroad  cars  underneath  the 
tipple. 

At  one  of  these  places  a  coal  inspector,  dock  boss,  or  rock 
man  is  stationed,  who  not  only  watches  for  impurities  and  penalizes 
the  miner  according  to  the  joint  agreement  (see  page  24),  hut  often 
has  general  charge  over  the  men  picking  and  loading  the  coal.  Some 
companies  place  an  inspector  at  each  tipple,  others  employ  a  single 
inspector  who  covers  two  or  more  of  their  neighboring  surface  plants. 
Large  companies  frequently  have  one  chief  inspector  who  superintends 
dock  bosses  at  the  individual  tipples.  In  all  cases  close  inspection  was 
reported  beneficial  in  lowering  the  percentage  of  ash  in  the  coal.  Fre- 
quently, the  buyer  is  notified  if  a  railroad  car  which  has  been  loaded 
contains  defective  coal.  An  economy  of  6/10  of  one  per  cent  will  pay 
for  inspection  at  the  mines.* 

At  a  few  tipples  in  the  state  the  dock  boss  "rides"  the  screen ; 
that  is,  he  is  seated  on  a  stationary  support  just  above  the  shaking 
screen,  from  which  with  perhaps  one  or  two  assistants,  he  can  bend 
down  and  remove  the  impurities  from  time  to  time.  If  the  screen  is 
narrow  ( 7  feet  or  less  ) ,  the  dock  boss  and  his  assistants  may  stand  at 
the  sides  and  remove  impurities;  in  either  case  throwing  the  rejected 
material  into  chutes  which  lead  to  a  refuse  car  or  pile  below.  Such 
inspection  is  not  very  efficient  in  the  dusty  surroundings  if  a  consider- 
able amount  of  impurities  is  present,  if  a  large  tonnage  (perhaps  2,000 
tons  or  more)  passes  over  the  screens,  or  if  wide  screens  ( 7  to  10  feet) 
are  used.  Another  factor  hindering  the  detection  of  impurities  is  the 
mixture  of  sizes  from  nut  to  the  largest  lumps,  which  must  he  exam- 
ined at  the  same  time.  In  such  a  mixture  of  sizes  lumps  are  hound 
to  hide  the  impurities  of  nut  size.  This  difficulty  is  overcome  at  sev- 
eral tipples  by  the  use  of  a  patented  combined  screen  and  picking  table. 
The  screen  is  horizontal  and  of  sufficient  length  and  movement  to  sep- 
arate efficiently  the  sizes  and  allow  picking  on  the  screen  under  favor- 
able conditions.     This  screen  will  be  described  later. 


♦Eugene    McAuliffe,    Proc.   4th    Annual    Convention,    Int.    Ry.    Fuel   Assoc, 
p.  280. 
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The  Black  Diamond,  under  date  of  Feb.  1,  1913,  stated  that  pick- 
ing tables  after  screens  were  new  in  Illinois.  The  demand  for  cleaner 
coal  forced  Illinois  operators,  especially  at  the  large  mines,  in  which 
from  2,500  to  5,000  tons  per  day  were  handled  in  the  tipple,  to  adopt 
these  picking  tables  or  belts  as  a  method  of  removing  the  refuse.  The 
picking  tables  (Fig.  19),  are  from  3  to  5  feet  wide,  often  30  feet  long, 
30  inches  above  the  floor,  and  are  endless  belts  either  of  rubber  or  of 
steel  links  covered  with  small  over-lapping  sections  of  steel  plate.  The 
tonnage  bandied  is  up  to  1,000  tons  per  day  per  belt.  These  belts  catch 
the  coal  as  it  falls  through  or  leaves  the  screen  and  convey  it  horizon- 


Fig.  19.     Operation  of  a  Picking  Table. 


tally  at  right  angles  to  the  screen.  Each  size  of  coal  may  have  an 
individual  belt  or  picking  table.  Thus  the  coal,  spread  out  on  the  belt 
and  traveling  at  a  speed  of  from  30  to  60  feet  per  minute,  passes  before 
men  or  boy  pickers  who  can  easily  pick  out  the  refuse.  Dirty  coals,  of 
course,  require  low  speed  and  additional  pickers.  Speed  depends  also 
on  the  size,  on  the  color,  and  on  the  shape  of  the  impurities;  that  is, 
the  ease  with  which  they  can  be  distinguished. 

In   general,   picking   tables,    bands,    or   belts    have    the    following 
advantages : 
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(1)  Thorough  inspection;  all  coal  being  spread  out  in  fixed  sizes 
and  moving  at  a  fixed  rate. 

(2)  Decreased  length  of  chutes  and  height  necessary  to  feed 
certain  tracks. 

(3)  Loading  of  coal  in  a  constant  stream  with  minimum  velocity 
and  breakage. 

(4)  Safety  and  effectiveness  of  pickers;  they  are  no  longer  ex- 
posed to  the  dust  on  the  screens  or  to  danger  in  the  loading  cars. 

(  5  i  Combined  with  a  movable  loading  boom,  they  reduce  further 
the  breakage  and  allow  easy  loading  on  cars  of  different  heights.  The 
only  disadvantages  are  first  cost  and  maintenance. 

At  one  mine  in  which  pyrite  refuse  is  saved  from  the  tables,  six 
rock  pickers,  three  on  lump  and  three  on  egg,  pick  out  50  tons  of 
pyrite  per  day,  or  about  8  tons  per  man  per  day.  On  account  of  the 
high  percentage  of  refuse,  stationary  plows  are  fixed  on  the  tables 
close  above  the  belt,  so  that  the  moving  coal  may  be  turned  over  and 
thus  expose  to  view  any  hidden  impurity. 

At  other  mines,  including  some  of  the  largest,  inspection  and 
picking  are  carried  on  only  when  the  railroad  cars  are  being  loaded 
with  the  screened  coal.  The  stream  of  coal  filling  the  car  is  closely 
watched  by  one  or  two  men,  who  throw  overboard  from  time  to  time 
the  noticeable  pieces  of  impurities.  They  often  use  large  rakes  to  pull 
the  impurities  from  under  the  falling  stream  of  coal.  In  such  cases 
picking  is  for  appearance  only,  the  actual  amount  of  impurities  removed 
being  usually  under  1  per  cent  of  the  size  loaded.  At  some  mines  only 
the  lump  sizes  are  picked.  At  other  mines  the  egg  and  nut  sizes  as 
well  as  lump  sizes  are  picked.  At  these  mines  the  dock  boss  usually 
watches  the  railroad  cars  and  not  the  screens  for  impurities.  Fig. 
20  illustrates  car  picking  on  egg  coal. 

Car  picking  is  suliicient  if  the  amount  of  refuse  is  small  or  con- 
sists of  only  occasional  and  accidental  pieces,  possibly  one  or  two  tons 
per  thousand  tons  loaded.  In  these  cases  it  is  possible  to  remove  all 
noticeable  impurities  from  the  top  of  the  car  before  shipping.  Car 
picking  is  not  sufficient  to  clean  systematically  a  dirty  coal.  A  piece 
of  impurity  even  if  detected  cannot  always  be  removed  from  a  stream 
of  lump  coal  falling  and  rolling  into  a  car  without  exposing  the  work- 
man to  danger  of  injury  from  the  large  lumps.  Consequently  such 
impurities  are  buried  rather  than  removed.  The  danger  of  being 
injured  by  the  small  egg  and  nut  sizes  is  not  so  great.  In  one  case  as 
much  as  1  per  cent  of  the  egg  size  is  thrown  out  of  the  car  during 
loading ;  however,  the  percentage  is  usually  much  smaller.  The 
removal  in  this  way,  as  refuse,  of  a  noticeable  percentage  of  the  coal 
would  probably  be  commercially  impossible.  Table  6  shows  detail  of 
picking  practice  at  several  mines  chosen  at  random. 

The  chief  difficulty  with  hand  picking  in  any  form  is  that  of 
securing  conscientious  labor  to  do  the  work.  At  several  of  the  tip- 
ples visited  the  laborers  made  little  pretense  at  picking  unless  the  dock 
boss  was  in  constant  attendance.     Another  feature  is  the  amount  of 
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good  coal  going  to  waste  with  the  shale  and  sulphur.     For  instance 
it  an  impure  hand  %  inch  thick  is  noted  in  perhaps  an  8-inch  lump  of 


Fig.  20.     Hand  Picking  an  Egg  Coal  During  Loading 


coal,  the  whole  is  likely  to  he  discarded.  An  examination  of  some  of 
the  refuse  heaps  to  which  the  rejected-  lumps  are  hauled,  revealed 
many  tons   ,,1    good   coal.      It   is  unfortunate  that  this  waste  may  be 
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a  commercial  necessity  at  the  present  time.  At  a  few  mines  these 
lumps  are  pulled  from  the  picking  belt,  the  impure  band  split  off,  and 
the  good  coal  returned  to  the  belt.  This  operation  is  called  "skinning" 
the  coal. 

Sizing  should  take  place  before  the  picking  is  begun.  If  picking 
is  attempted  on  1 34-inch  lump  coal  the  eye  of  the  picker  cannot  read- 
ily detect  the  different  sizes  of  impurities  mixed  with  the  different 
sizes  of  coal.  The  more  uniform  the  size  of  the  coal  that  passes  the 
picker,  the  better  the  impurities  can  be  removed.  A  recently  built 
dock  cleaning  plant  sizes  the  coal  for  picking  purposes,  and  then 
reunites  the  sizes  to  meet  the  demands  of  the  market. 

Other  important  questions  regarding  picking  are :  How  small  sizes 
can  be  hand  picked  ?  How  shall  the  screenings  and  small  sizes  be 
cleaned?  Should  they  be  hand  picked  or  washed?  In  general,  what 
are  the  limits  of  refuse  today  in  a  commercial  Illinois  coal? 

In  European  bituminous  coal  fields  hand  picking  has  been  prac- 
ticed for  many  years.  In  comparing  their  practice  with  our  own,  it 
must  be  kept  in  mind  that  cheaper  labor  and  higher  priced  coal  allow 
a  closer  and  a  greater  range  of  work  than  is  possible  here.  Various 
authorities  treat  this  problem  as  follows: 

"The  process  of  hand  picking  can  be  successfully  applied  to  pieces 
of  coal  and  shale  of  ll/2  inches  to  2  inches  in  diameter,  but  not  to 
smaller  pieces.  Washing  can  be  used  from  3  inches  to  1/20  inch. 
There  is  no  known  process  of  separating  shale  dust  from  coal  dust."* 

"Hand  picking  cannot  economically  be  applied  to  coal  less  than 
2  inches  in  diameter,  except  in  exceptional  cases  as  where  coal  is 
fairly  clean  or  wages  low,  in  which  case  picking  takes  place  even  at 
1  inch.  It  is  usually  done  by  boys,  as  it  requires  alertness  of  hand  and 
eye."t 

"On  the  continent  sizes  over  4  to  5  centimeters  (1.6  to  2  inches) 
are  generally  picked  by  women  or  boys,  sizes  smaller  than  these  are 
frequently  washed. "% 

In  many  places  in  Illinois  hand  picking  is  practiced  on  the  lump 
size  only,  in  others  the  3-inch  egg  is  the  lower  limit.  It  is  probable 
that  unless  the  refuse  in  such  sizes  had  some  special  value  it  would 
not  pay  to  mine  and  hand  pick  coal  in  Illinois  containing  more  than 
from  3  to  5  per  cent  of  refuse  in  the  large  sizes.  Fortunately,  in  most 
districts  the  bulk  of  refuse  passes  into  the  finer  sizes. 

At  present  in  Illinois  washing  is  practiced  on  3  or  3^4-inch  coal 
as  a  maximum  size.fi  This  is  partly  on  account  of  the  mechanical 
difficulties  encountered  in  building  jigs  for  washing  larger  sizes.  The 
average  amount  of  impurities  removed  from  the  washed  coals  in  35 
plants  examined  was  11  per  cent,  with  a  maximum  of  36  per  cent  and 


*W.  Galloway,  "Lectures  on  Mining."     Subject  8.  p.  2. 
fW.  S.  Boulton,  "'Practical  Coal  Mining."     Vol.  3.  p.  315. 
±T.   Gallon,  "Cours   d'Exploitation  des  Mines."     Texte  3,  p.   152. 
rF.  C.  Lincoln,   "Coal  Washing  in  Illinois,"  Bui.  No.  69,  Engineering  Ex- 
periment Station,  University  of   Illinois. 
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a  minimum  of  5  per  cent.  It  is  difficult  to  estimate  an  exact  limit  for 
commercially  profitable  washing  because  of  the  varying  character  of 
the  refuse  and  its  degree  of  freedom  from  contained  coal.  On  the 
whole  Zl/2  inches  is  the  maximum  size,  and  about  7  per  cent  refuse, 
containing  at  least  60  per  cent  of  ash  or  its  equivalent,  represents  a 
possible  minimum  of  removable  impurities.  Under  European  condi- 
tions this  limit  lias  been  put  at  from  4  to  6  per  cent  impurities.*  As  a 
lower  limit,  coal  under  ^-inch  in  size  is  benefited  little  by  washing  and 
under  from  20  to  50  mesh  probably  not  at  all.  Considerable  doubt 
exists  as  to  the  proper  method  of  handling  the  small  sizes  of  Illinois 
coals  on  account  of  the  frequent  occurrence  .of  a  high  percentage  of 
ash.    These  sizes  are  discussed  further  under  Sizing  in  Chapter  IV. 

At  a  considerable  number  of  mines,  especially  in  the  southern  part 
of  the  state  where  rescreening  plants  are  used  for  the  separation  of 
nut  coal  and  screenings,  all  sizes  below  from  2  to  3  inches  are  divided 
into  as  many  as  five  distinct  sizes.  Most  of  the  impurities  generally 
stay  with  the  finest  of  these  sizes,  leaving  two  or  three  of  the  largest 
sizes  of  nut  coal  practically  as  clean  as  the  lump.  At  several  mines 
one  or  two  men  were  noted  in  these  rescreeners  picking  the  largest 
sizes  of  nut,  perhaps  from  3  to  \Y\  inches  in  size.  Although  no  figures 
of  amounts  picked  were  obtainable,  it  is  evident  that  the  large  number 
of  pieces  of  this  size  that  must  be  picked  out  of  the  coal  to  produce  a 
ton  of  refuse  makes  the  problem  of  doubtful  economic  value.  If  two 
men  are  picking  100  tons  per  day  of  such  nut,  the  extra  cost  is  roughly 
five  cents  per  ton.  From  the  ash  standpoint  one  man  must  pick  one 
ton  per  day  of  this  fine  material  to  reduce  the  ash  content  one  per  cent. 
Does  the  comparatively  small  amount  picked  pay  for  the  better  appear- 
ance? This  question  must  be  solved  for  each  coal  and  each  market 
condition. 

Impurity  and  Inspection  Standards. — Coal  inspection  is  becoming 
more  rigid,  and  large  users,  such  as  railroads,  frequently  have  their 
own  inspectors,  even  at  the  mines  of  the  producer.  Much  coal  is 
inspected  by  the  buyer  by  a  hasty  examination  of  the  top  of  the  rail- 
road car ;  but  to  secure  the  best  results,  more  strict  examination,  such 
as  inspecting  the  inside  of  the  load  while  it  is  being  loaded  is  neces- 
sary. If  hopper  bottom  railroad  cars  are  used  and  delivery  is  made 
through  these  to  a  bin  or  to  a  stock  pile,  individual  car  inspection  is 
difficult. 

A  set  of  impurity  and  inspection  standards  has  been  proposed  for 
railroads  using  bituminous  coal  as  follows  : 

"The  seller  further  agrees  that  all  coal  delivered  under  this  con- 
tract shall  not  contain  more  than.  .  .  .per  cent  removable  noncombus- 
tible  or  nearly  noncombustible  impurities.  The  quality  of  coal  fur- 
nished. ..  .shall  be  subject  to  the  inspection  of  the  buyer,  and  the 
buyer's  inspector.  . .  .has  the  right  to  reject  any  of  said  coal  which.  .  .  . 
does  not  conform  to  specifications,  at  whatever  point  the  same  may  be 


*Soc.  Min.  Ind.,  Vol.  17,  p.  384. 
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found.  The  buyer's  inspectors  shall  have  access  to  the  seller's  tipple 
screens,  scales,  washer,  and  yards  while  the  coal  is  being  hoisted  and 
prepared. 

"All  coal  delivered.  . .  .may  be  inspected  at  the  mines  by  the.  . .  . 
(representative)  of  the  buyer.  ..  .such  inspection  and  refusal  to  be 
final  and  conclusive."* 

A  further  paragraph  covers  the  discovery  of  inferior  coal  after 
shipment  when  the  same  was  not  inspected  at  the  mines. 

Besides  individual  contracts,  the  most  specific  standardization  of 
Illinois  and  other  middle  west  bituminous  coals  in  regard  to  the  per- 
centage of  noncombustible  or  nearly  noncombustible  impurities  allow- 
able has  been  used  by  several  railroads  drawing  their  supply  from 
mines  in  the  territory  mentioned.  Through  the  kindness  of  C.  G. 
Hall,  Secretary-Treasurer,  Int.  Rwy.  Fuel  Assoc,  figures  of  the  limits 
or  removable  impurities  as  allowed  by  these  railroads  have  been  secured 
(see  Table  7). 

Table  8  shows  the  amounts  of  different  impurities,  etc.,  which 
are  allowed  to  remain  in  the  coal  in  the  standard  preparation  of  Penn- 
sylvania anthracite,!  and  is  given  for  comparison  with  Table  7. 

TABLE  8. 
Impurities  Allowed  with   Standard  Anthracite  Practice. 


Size  of 

Allowable   Percentage 

Coal 

Slate 

Bone* 

Of  Next  Size  Larger 

Of  Next  Size  Smaller 

Broken 

1.0 

2 



20 

Egg 

2.0 

2 

5 

50 

Stove 

2.5 

4 

5 

50 

Nut 

4.0 

5 

10 

15 

Pea 

8.0 

5 

5 

(15  Buckwheat 
I  15  Rice 

Buckwheat 

10.0 

— 

8 

15 

Rice 

15.0 

— 

8 

15 

Barley 

15.0 

— 

8 

25 

fBone  equals  product  of  between  40  to  55  per  cent  of  carbon. 


PART  IV.      BREAKAGE. 

Bituminous  coals  vary  from  0.5  to  2.0  on  Mohr's  scale  of  hard- 
ness.:): They  are,  as  a  rule,  decidedly  brittle  and  friable,  tending  to 
break  into  more  or  less  cubical  blocks,  depending  on  physical  structure, 
such  as  frequency  of  bedding  laminae  or  planes  of  stratification,  and 
development  of  cleat  or  vertical  cleavage.     Cleat  may  be  defined  as 

inspection    Specifications,    Proc.    5th   Annual   Convention,   Int.    Rwy.    Fuel 
Assoc,  1913,  p.  28. 

tPaul  Sterling,  "Preparation  of  Anthracite."     T.  A.  I.  M.  E.,  1911,  p.  757. 
JHenry  Lewis,  "The  Dressing  of  Minerals."     p.  8. 
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the  tendency  for  the  coal  to  break  into  more  or  less  cubical  blocks 
along  vertical  or  highly  inclined  planes  either  parallel  or  normal  to 
the  face  of  the  coal. 

Natural  Physical  Factors  Causing  Breakage  in  Illinois  Coal. — Illi- 
nois coal  may  be  considered  comparatively  hard,  rather  porous,  more 
or  less  brittle,  and  friable;  tending  to  break  or  split  easily  along  definite 
major  bedding  laminae  5  to  12  inches  apart  and  somewhat  less  easily 
along  small  or  minor  bedding  planes.  Vertical  cleavage,  prominent 
in  many  bituminous  coals,  is  generally  lacking  or  is  developed  only 
incipiently.  This  incipient  cleavage  is  more  marked  in  one  direction 
than  in  the  other,  the  lump  coal  usually  being  rather  smooth  and 
regular  on  the  breakage  faces  in  two  directions,  but  tending  to  be 
irregular  on  the  third  face.  This  incipient  cleavage  determines  the 
lines  on  which  the  coal  frequently  breaks  into  small  blocks  on  first 
being  heated.  This  cracking,  which  is  probably  due  to  shrinkage 
caused  by  the  heat  expelling  the  water,  is  also  often  more  strongly 
developed  in  one  vertical  plane  than  in  the  other. 

Exceptions  to  this  rule  occur  in  the  case  of  east  and  west  cleavage 
in  parts  of  seam  No.  6  in  Franklin  county,  and  in  that  of  a  cleavage 
in  seam  No.  2  in  Jackson  county  (Big  Muddy  district).  Here  the 
cleavage  is  developed  sufficiently  to  influence  the  direction  of  mining, 
as  the  ease  of  mining  when  working  along  the  face  cleavage  here,  tends 
to  produce  a  larger  percentage  of  lump  coal  with  less  powder  than 
in  the  majority  of  mines.  In  most  districts,  however,  mining  takes 
place  with  no  thought  of  cleavage. 

There  is  considerable  difference  in  the  natural  tendency  towards 
breakage  of  coal  in  the  different  seams  and  in  the  different  districts  in 
Illinois.  The  coals  of  seams  Xo.  1  and  No.  2  in  the  northern  field  are 
of  average  hardness  (firmness  or  cohesion)  ;  an  example  appears  in  the 
coal  from  seam  No.  2  in  the  La  Salle  district,  which  breaks  into  rec- 
tangular lumps  capable  of  withstanding  much  handling  before  break- 
age.* The  coal  from  seam  No.  5  in  the  Springfield  and  Peoria  districts 
is  harder  and  firmer  than  the  average.  Seam  No.  6  west  of  the 
DuOuoin  anticline,  although  covering  a  large  area,  is  generally  regarded 
as  somewhat  friable,  especially  in  the  northeast  and  southwest  portions 
and  also  in  those  mines  just  west  of  the  anticline,  in  which  it  is  close  to 
the  surface.  Seam  No.  6,  east  of  the  DuOuoin  anticline,  and  in  general 
wherever  it  is  situated  under  several  hundred  feet  of  cover,  consists  of 
a  hard  firm  coal,  especially  in  the  smaller  sizes.  This  coal  withstands 
without  breakage  handling  and  shipment,  and  therefore  forms  a  good 
domestic  fuel  in  markets  in  which  clean  coal  and  close  sizing  are  pre- 
requisites. The  coal  of  seam  No.  5  in  Saline  county  is  also  of  a  firm 
texture  and  well  adapted  for  rescreening.  Seam  No.  6  in  the  Dan- 
ville district  contains  rather  friable  coal.  Seam  No.  2  (Big  Muddy), 
partly  by  reason  of  the  cleavage  noted,  produces  blocky  lumps  of  a 
bright  lustre.    The  coal  of  seam  No.  7,  Danville  district,  on  the  whole 


*T.  A.  I.  M.  E.,  Vol.  29,  p.  187. 
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is  softer  and  more  brittle  than  the  others,  perhaps  on  account  of  its 
nearness  to  the  surface.  It  cannot  undergo  transportation  as  well  as 
the  average.*  It  is  interesting  to  note  that  in  the  deepest  mine  in  the 
state,  at  Assumption,  a  coal  is  produced  from  seams  Nos.  1  and  2, 
which  commands  a  premium,  partly  on  account  of  its  blocky  firm 
character. 

Importance  of  the  Breakage  Problem. — Aside  from  the  inherent 
friability  or  tendency  of  the  coals  to  break,  as  just  discussed,  the 
mining  and  preparation,  or  in  general,  any  moving,  dropping,  or 
handling  of  a  brittle  substance  like  Illinois  coal  results  in  more  or 
less  breakage  with  each  operation.  Breakage,  therefore,  commences 
with  the  first  operations  of  mining,  continues  with  each  succeeding 
operation,  and  ceases  only  when  the  coal  is  consumed.  This  grad- 
ual breaking  of  such  a  material  into  smaller  sizes  due  to  handling, 
exposure,  etc.,  is  called  degradation. 

None  of  the  problems  confronting  the  Illinois  mining  industry 
today  is  more  important  commercially  than  that  of  breakage. 
Although  this  problem,  as  far  as  surface  preparation  is  concerned, 
could  be  solved  so  that  a  considerable  increase  in  value  per  ton  of 
the  whole  product  would  result,  yet  it  has  been  neglected  in  all  except 
a  few  plants  recently  erected.  Breakage  constantly  reduces  the  larger 
sizes  to  form  the  smaller.  The  effect  of  this  sizing  on  the  prices 
received  for  the  coal  by  the  operator  is  shown  in  Fig.  21,  prepared 
from  the  figures  appearing  weekly  in  "Black  Diamond"  during 
the  years  1913  and  1914  for  the  average  circular  price  f.  o.  b.  cars 
at  the  mine  in  Franklin  county.  Although  the  curves  do  not  repre- 
sent the  true  price  received  in  individual  contracts,  yet  taken  over 
such  a  long  period,  they  represent  the  average  difference  in  value 
of  the  sizes  produced.  The  egg  and  nut  sizes,  although  ranging 
with  the  lump  in  circular  price,  are  frequently  unsalable  as  such, 
and  must  be  thrown  into  the  cheaper  steam  sizes.  The  average 
price  of  lump  coal  during  this  period  was  $1.50  per  ton,  and  the 
average  price  of  screenings  $0.73  per  ton.  The  mere  question  of 
size  reduces  value  over  50  per  cent.  Thus  it  is  advantageous  to 
produce  the  free  burning  Illinois  coal  in  as  coarse  lumps  as  possible. 

If  these  figures  represent  the  average  difference  in  price 
between  lump  coal  and  screenings,  each  per  cent  of  lump  gained 
(or  each  per  cent  of  breakage  reduced)  is  worth  0.77  cents  per  ton 
to  the  operator.  At  a  mine  at  which  three  thousand  tons  per  day  are 
produced  this  means  $23.10  per  day  or  nearly  $600.00  per  month  saved. 

In  the  tipple  a  long,  high  angle  dump  chute,  a  poorly  designed 
weigh  box,  or  a  drop  of  several  feet  onto  the  screens  may  cause 
the  breaking  of  several  per  cent  of  lump  coal  into  the  finer  sizes. 
At  some  mines  the  sound  of  the  coal  when  dumped  from  the  car 
is  audible  above  the  rest  of  the  surface  noises  at  a  distance  of  several 
hundred  yards  from  the  tipple.     The  louder  the  noise  the  greater  the 

*Eng.  and  Min.  Jour.,  Vol.  63,  p.  165. 
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breakage.  In  some  cases  the  dumping  takes  place  with  such  force  that 
the  coal  actually  seems  to  be  thrown  from  the  car  through  a  dis- 
tance of  from  twelve  to  fifteen  feet  into  the  bottom  of  the  weigh 
box,  in  which  it  is  more  or  less  broken  by  the  rest  of  the  load  fall- 
ing upon  it.  While  the  great  speed  of  such  apparatus,  in  some 
cases   three   dumps  per  minute,   is  a   notable   achievement,  good 
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Fig.  21.    Average  Circular  Price  of  the  Different  Sizes  of  Coal. 
Franklin  County   (1913-14). 


engineering  demands  a  closer  study  of  the  problem  of  decreasing 
the  breakage  during  preparation. 

Breakage  or  Degradation  Standards. — The  adoption  of  some  stand- 
ard of  breakage  for  Illinois  coal  is  desirable.  Especially  in  making 
specifications  in  which  close  clean  sizing  is  required  it  would  be  of 
advantage  to  have  a  standard  allowable  amount  of  breakage  under 
fixed  conditions  with  which  each  coal  could  be  compared,  in  order  that 
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it  might  be  designated  as  harder  or  softer  (more  friable),  or  as  con- 
taining more  or  less  fines  than  the  standard.  If  Illinois  coal  with- 
stands transportation  and  handling  better  than  competitive  coal  from 
other  states,  such  a  standard  inserted  into  specifications,  would  empha- 
size a  fact  that  is  of  great  importance  to  retail  dealers,  especially  to 
those  to  whom  fine  coal  represents  almost  a  dead  loss.  To  show  the 
difference  in  the  friability  of  different  bituminous  coals,  a  certain 
bituminous  coal  in  dock  handling  on  lake  shipments  degraded  from  30 
to  35  per  cent  in  two  cases,  while  another  bituminous  coal  under  the 
same  treatment  degraded  only  from  12  to  14  per  cent.* 

While  there  has  been  much  discussion  concerning  degradation  on 
various  coals  no  standard  of  degradation  has  been  introduced  into 
general  practice.  Attempts  have  been  made  by  the  U.  S.  Geological 
Surveyt  to  fix  such  standard  for  the  purpose  of  comparing  the  friabil- 
ity of  coal  briquets.  For  illustration,  50  lb.  of  briquets  made  from  an 
Illinois  coal  were  dropped  five  times  through  a  distance  of  6l/2  feet, 
and  then  screened  on  a  one-inch  wire  screen;  35.5  per  cent  of  the 
material  passed  through  the  screen.  The  briquets  were  then  compared 
with  others  in  this  respect. 

The  U.  S.  Bureau  of  Minest  has  adopted  a  similar  standard  for 
comparison  of  cokes.  A  fixed  weight  of  coke  is  dropped  6  feet  onto 
a  cast  iron  plate.  This  operation  is  repeated  four  times.  Then  the 
sample  is  screened  over  a  standard  screen,  and  the  percentage  of  fines 
is  determined. 

J.  B.  Porterff  determines  the  comparative  friability  of  fine  bitu- 
minous coal  and  dust,  by  taking  coal  under  ^4-inch  screen  in  size  and 
screening  it  through  the  following  sieves:  }4-inch;  M$-inch;  14-mesh ; 
24-mesh ;  50-mesh  ;  and  100-mesh,  a  screen  ratio  of  practically  2.  The 
percentage  of  each  size  is  then  plotted,  and  the  assumption  made  that 
the  several  coals  range  in  friability'  in  the  order  of  their  percentage  of 
fine  material. 

It  is  evident  that  in  any  set  of  breakage  test  on  bituminous  coal 
the  large  lumps  of  such  a  friable  and  non-homogenous  material  may 
break  easily  and  the  smaller  sizes  not  so  easily,  or  vice  versa.  The 
position  of  the  coal  in  the  seam,  whether  in  the  top,  middle,  or  bottom 
bench,  and  the  percentage  of  ash  or  other  impurity  in  a  particular  piece 
have  a  decided  effect  on  breakage.  For  these  reasons  any  set  of  tests 
must  be  relative  rather  than  absolute.  Tests  along  the  above  lines  are 
now  being  conducted  in  the  Mining  Laboratory  of  the  University  of 
Illinois  to  ascertain  if  such  breakage  standards  are  of  any  practical 
value. 

Theoretical  Considerations  of  Breakage. — Considered  from  a  the- 
oretical standpoint,  breakage  of  coal  takes  place  by  splitting  along 

*Records  of  Interstate  Joint  Conference,  Philadelphia,    Pa.,  Feb.   10,   1914, 
p.  914. 

tBulletin  No.  332,  p.  44. 
tTechnical  Paper  No.  50. 
FCoals  of  Canada."    Vol.  1,  p.  195. 
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planes  of  minimum  strength  rather  than  by  actual  shearing  or  crush- 
ing of  the  coal  substance  itself.  Thus  the  actual  measure  of  the  force 
in  pounds  per  square  inch  required  to  crush  or  break  coal  is  extremely 
variable.  The  application  of  Rittinger's  theory*  that  the  work  neces- 
sary to  break  or  crush  minerals  is  proportional  to  the  reduction  in 
diameter,  shows,  for  example,  that  three  times  as  much  power  must  be 
expended  in  breaking  6-inch  cubes  into  1^-inch  cubes  as  in  breaking 
6-inch  cubes  into  3-inch  cubes. 

The  kinetic  energy  developed  in  any  lump  of  coal  being  moved ; 
in  other  words,  the  force  with  which  one  piece  strikes  another  and 
causes  breakage,  is  directly  proportional  to  its  weight  and  to  the  square 
of  its  velocity,  or  if  dropping,  directly  proportional  to  the  distance 
through  which  it  is  dropped.  In  simpler  language  a  piece  thrown  or 
moved  with  twice  the  speed  of  another,  has  four  times  as  much  power 
to  break  or  to  shatter.  The  practical  effects  of  these  laws  will  become 
evident  when  breakage  in  bins,  in  chutes,  and  in  other  surface  plant 
devices  is  discussed.  Since  force  is  proportional  to  weight,  the  general 
effect  of  size  or  weight  is  that  large  pieces  striking  on  their  own  ragged 
edges  sustain  breakage  from  a  drop  that  will  not  affect  the  smaller 
sizes. 

If  coal  is  dropped  piece  by  piece  from  a  height  of  from  10  to  15 
feet  upon  iron  or  steel  it  will  show  from  three  to  four  times  as  much 
breakage  as  if  dropped  onto  wood.t  It  is  claimed,  in  unloading  a  bin 
or  a  car,  that  the  first  drop  only  causes  breakage  and  that  after  the 
pile  below  has  started  there  is  little  breakage.  Probably  the  breakage 
is  greater  in  the  dumping  of  large  volumes  than  in  the  dumping  of 
small  volumes  of  coal.  Still  another  point  is  the  effect  of  squeezing 
and  rubbing  of  the  particles  against  one  another  in  a  bin  from  which 
coal  is  being  drawn  from  the  bottom.  If  other  conditions  are  equal, 
the  actual  breakage  is  greater  in  handling  or  transporting  sized  coals 
than  in  handling  or  transporting  run  of  mine  coal  because  the  fines 
in  run  of  mine  coal  form  a  bed  or  nest  upon  which  the  large  sharp 
pieces  of  lump  may  ride  without  breakage. 

Data  on  Degradation  of  Bituminous  Coals. — There  is  a  practical 
limit  to  the  freedom  of  a  particular  size  of  coal  from  smaller  sizes, 
because  reduction  in  the  amount  of  smaller  sizes  beyond  a  certain 
point  by  rescreening  means  the  making  of  an  additional  amount  of 
the  large  coal  into  fines.  At  one  mine  it  was  reported  that  each 
rescreening  of  the  coal  meant  5  per  cent  was  broken  into  small  sizes 
and  passed  the  screens.  Concerning  this  point,  "Experiments  show  that 
there  is  a  limit  beyond  which  there  is  no  advantage  in  attempting  to 
rescreen  and  further  prepare  anthracite  and  bituminous  coal.  In  one 
instance  in  which  a  ton  of  hand  picked  coal  was  used  the  process  of 
screening  furnished  3  per  cent  undersize  which  went  through  the 
screen,  while  a  larger  per  cent  of  undersize  formed  in  the  handling 


*R.  H.  Richards,  "Text  Book  of  Ore  Dressing,     p.  167;  also, 

H.  von  Rittenger,  Lehrbuch  der  Aufbereitungskunde,  p.  19. 
fBlack  Diamond,  August  29,  1914,  p.  165. 
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still  remained  in  the  coarse  coal.  In  repeating  the  operation,  another 
3  per  cent  of  undersize  was  caught,  while  the  (coarse)  coal  again  held 
a  proportion  of  undersize  similar  to  that  previously  found.  It  is 
believed  that  the  process  might  be  repeated  indefinitely  without  mate- 
rially benefiting  the  grade  of  the  coal."* 

In  one  test  made  by  a  consumer  in  Chicago  clean  Illinois  nut  coal 
over  ^4-inch  screen  was  shoveled  into  a  wheelbarrow,  weighed,  dumped, 
and  then  rescreened  over  the  same  screen.  In  one  lot  4  per  cent  and 
in  another  lot  2  per  cent  degradation  resulted  from  the  shoveling  and 
dumping. 

At  a  mine  in  the  central  part  of  the  state,  the  degradation  of  clean 
screened  coal  of  from  3  to  6  inch  size,  which  was  rescreened  after 
passing  through  a  bin  20  feet  in  height  was  5  per  cent.  In  a  similar 
case  in  the  southern  part  of  the  state  2  per  cent  degradation  was 
reported. 

Another  test,  made  on  a  car  of  carefully  loaded  domestic  lump 
coal  by  removing  clean  lumps  from  the  car  with  a  fork,  showed  5 
per  cent  of  smaller  sizes  left  in  the  car.  J.  D.  Rogerst  states  that  a 
breakage  of  5  tons  per  car,  or  10  per  cent,  is  common  and  is  even 
greater  if  loading  is  carelessly  done. 

In  elevating  and  passing  an  Arkansas  bituminous  coal  through  a 
50-foot  railroad  coaling  station  the  increase  of  slack  was  25  per  cent.$ 
This  coal  is  somewhat  softer  than  Illinois  coal. 

An  English  test  on  bituminous  coal  falling  10  ft.  showed  a  loss 
of  Is.  3d.  per  ton  or  15.6  per  cent  on  coal  valued  at  8s.  per  ton.|[ 

At  a  large  Chicago  retail  yard  a  degradation  of  7  cents  per  ton  is 
allowed  on  all  sizes  of  bituminous  coal  passing  through  the  yard ;  on 
an  estimated  average  value  of  $2.50  per  ton  this  would  be  a  loss  of 
about  3  per  cent.  J.  W.  Hardy**  records  the  breakage  on  bituminous 
coal  as  4  per  cent  for  every  10-foot  vertical  drop. 

Transferring  Coal  in  Railroad  Cars.- — Considerable  discussion  has 
taken  place  regarding  the  amount  of  degradation  caused  by  the  trans- 
ferring of  coal  from  one  railroad  car  to  another  en  route.  H.  C. 
McKinney  in  The  American  Coal  Journal  for  Dec.  5,  1914,  states 
that  the  loss  of  25  cents  per  ton  (at  the  point  in  question  this  amount 
represents  possibly  10  per  cent  of  the  value)  conceded  by  the  rail- 
roads is  insufficient.  Since  the  practice  of  transferring  coal  from  one 
car  to  another  en  route  is  common,  more  data  on  this  point  would  be 
valuable. 

The  random  references  given  show  the  present  day  practice  in 
estimating  the  general  breakage  on  Illinois  and  other  bituminous  coals. 
In  every  case  dropping  coal  even  once  causes  serious  breakage.  Con- 
sidering the  treatment  that  Illinois  coal  receives  in  the  tipple  in  prepara- 


*Eng.  and  Min.  Jour.,  Feb.  16,  1907,  p.  339. 

f'Preparation  of  a  Domestic  Coal."  Kentucky  Min.  Inst.,  December,  1912. 

JProc.  5th  Annual  Convention,  Int.  Rwy.  Fuel  Assoc,  p.  257. 

lIGillott  on  Kirkbv  Colliery.    Inst,  of  C.  E.  of  London,  Vol.  127,  1897,  p.  177. 

** Black  Diamond,  Aug.  29,  1914,  p.  165. 
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tion,  it  is  doubtful,  especially  on  the  prepared  sizes,  if  it  pays  to  strive 
for  tonnage  records  at  the  expense  of  extra  breakage  of  the  coal. 

As  anthracite  is  essentially  a  domestic  coal  prepared  under  stand- 
ard practice,  the  results  of  tests  made  to  determine  its  breakage  are 
given  for  the  purpose  of  comparison. 

(1)  Test  on  Dropping.*  Sized  anthracite  dropped  7  feet  onto 
iron  plate  gave  0.77  per  cent  breakage  into  finer  sizes,  and  dropped  7 
feet  onto  wood  plate  gave  0.34  per  cent  breakage  into  finer  sizes. 
In  other  words,  the  breakage  of  anthracite  upon  striking  iron  is  more 
than  twice  as  great  as  upon  striking  a  softer  material  like  wood. 

(2)  Tests  on  Handling  and  Shipping.!  The  loss  by  breakage  in 
storage  and  picking  up  averages  2  per  cent,  but  varies  from  y?  per 
cent  with  the  coal  and  with  the  amount  of  handling.  At  one  plant 
in  which  coal  is  dropped  into  a  hopper  beneath  the  car,  though  the 
fall  is  small,  the  breakage  measures  J^  per  cent.  The  breakage  in 
shipping  east  without  rescreening  is  from  2  to  3  per  cent.  In  shipping 
west,  in  which  case  the  anthracite  is  transferred  and  rescreened,  break- 
age is  from  8J/2  to  9  per  cent.  By  breakage  is  meant  the  actual  amount 
of  all  sizes  smaller  than  the  size  specified. 

(3)  Breakage  by  Dropping.:):  A  summary  of  tests  made  both  by 
dropping  carefully  sized  anthracite  through  measured  distances  and  by 
dropping  carload  lots  into  pockets  is  given  in  Table  9. 

TABLE  9. 
Breakage  of  Anthracite  by  Dropping. 


Size 


Amount  of  Breakage  Amount  of  Breakage 
into  Smaller  into  Sizes 

Prepared*  Sizes  Smaller  than  Nut 

3%  plus  43/lOODf       2%  plus  17/100D 

4%      "     43/100D  I    2% 
2%      "     33/100D         2% 

4% 

2% 

;    1% 


Total  Amount 

of 

Breakage 


Broken 

Egg 

Stove 

Nut 

Pea 

Buckwheat 


17/100D 
27/100D 
40/100D 
50/100D 
25/100D 


5%     plus     6/10D 


6% 

4% 
4% 
2% 
1% 


6/10D 
6/10D 
4/10D 
5/10D 
25/100D 


*Prepared  sizes  are  broken,  egg,  stove,  and  nut. 
fD  equals  drop  of  coal  in  feet. 


Table  9  shows  that  not  only  is  the  percentage  of  degradation 
through  fall  for  a  hard  coal  like  anthracite  surprisingly  large,  but 
also  that  breakage  increases  with  an  increase  in  size  and  in  height  of 
drop.    The  breakage  in  an  Illinois  coal  must  be  considerably  greater. 


♦Black  Diamond,  July  12,  1913,  p.  16. 

tMines  and  Minerals,  Vol.  25,  p.  23. 

JR.  V.  Norris,  "The  Storage  of  Anthracite."    T.  A.  I.  M.  E.,  Vol.  42,  p.  316. 
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General  Analysis  of  the  Breakage  Problem. — In  general  during 
mining  and  preparation  of  a  coal,  breakage  may  occur  in  any  of  the 
following  necessary  operations : 


A.  Breakage  in 
the  mine  inci- 
dent to 


B.  Breakage  in 
surface  plants- 
incident  to. . 


'a.  Undercutting.  fl.  In  longwall  mines. 

b.  Snubbing  and  drilling.  1 2.  Shooting   after   under- 

c.  Breaking  the  coal  f rom  ,  cutting  and  solid  shoot- 

the  face.  ing. 

[3.  Permissible  explosives. 
rl.  Loading. 

d.  Handling    .  .J  2.  Haulage. 
Dumping  into    a    skip 
at  shaft  bottom. 

e.  Use     of     self-dumping 
cage. 

f.  Dumping     into     weigh 
box  and  onto  the  screen,  fl.  Passage    over    loading 


g.  Screening. 

h.  Loading    

i.  Rescreeners  and  bins. 
j.  Washing  (not  included 
in  this  bulletin) 


aprons,     or 


chutes, 
booms. 
2.  Loading  and  trimming 
railroad  cars. 


C.   Breakage   in   transportation   and   rehandling    (not   discussed    fully 
in  this  bulletin). 

Breakage  in  the  Mine. — Undercutting.- — About  52  per  cent  of  the 
tonnage  in  Illinois  is  produced  in  mines  in  which  undercutting  is  prac- 
ticed either  by  hand  picks,  by  machines  of  the  puncher  type,  or  by  elec- 
tric chain  machines.  The  last  named  type  is  the  most  common,  and  its 
use  is  increasing.  Contrary  to  the  practice  in  many  bituminous  fields, 
undercutting  in  Illinois  takes  place  almost  entirely  in  the  coal ;  the 
exceptions  being  at  several  mines  in  the  longwall  field,  in  which  hand 
picks  are  used  to  undercut  in  the  clay  bottom.  At  other  scattered  mines, 
the  line  of  undercutting  follows  some  thin  dirt  band  in  the  lower  part 
of  the  seam,  and  at  others  in  which  the  floor  rolls  or  is  irregular,  acci- 
dental undercutting  of  the  floors  takes  place,  in  all  of  which  cases  the 
cuttings  are  high  in  ash  or  impurities.  In  general,  however,  the  miners 
avoid  working  in  the  tough  bottom  clay.  This  leads  to  the  reduction 
into  fine  sizes  of  a  certain  portion  of  any  particular  seam,  the  per- 
centage depending  on  the  height  of  the  undercut ;  that  is,  on  the  par- 
ticular machine  or  method  used. 

The  cuttings  obtained,  called  "bug  dust"  by  the  miner,  are  gen- 
erally assumed  to  consist  only  of  the  finest  sizes  of  coal,  and  on  account 
of  a  high  percentage  of  dangerous  dust  contained,  are  often  loaded  out 
before  breaking  down  the  face  of  the  seam  undercut.  Therefore, 
cars  of  bug  dust  are  generally  at  the  foot  of  the  shaft  when  hoisting 
begins  in  the  morning;  consequently,  the  first  railroad  cars  of  screen- 
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ings  loaded  may  contain  more  than  the  usual  percentage  of  this  fine 
coal,  which  is  often  of  lower  grade  than  the  regular  screenings. 

There  has  been  considerable  discussion  as  to  which  type  of 
machine  makes  the  least  cuttings,  coarsest  cuttings,  lowest  percentage 
of  dangerous  dust,  etc.  To  throw  light  on  these  and  other  pertinent 
questions  in  connection  with  the  use  of  machines  in  Illinois  mines, 
H.  H.  Lauer  of  the  Department  of  Mining  Engineering  of  the  Univer- 
sity of  Illinois,  in  connection  with  the  Co-operative  Investigation  of 
Illinois  mining  conditions,  made  a  series  of  ten  tests  at  mines  in  which 
undercutting  was  variously  practiced  with  hand  picks,  punchers,  and 
electric  chain  machines  of  different  types.  In  each  test  a  room  or  a 
definite  length  of  face  in  a  mine  was  carefully  cleaned,  and  then  under- 
cut by  one  of  the  above  methods  as  in  regular  practice.  The  total 
amount  of  cuttings  produced  was  carefully  collected,  weighed,  and 
sampled.  One  sample  was  saved  for  analysis  while  another  was  passed 
through  various  standard  screens,  the  object  being  to  ascertain  the  per- 
centages of  the  various  sizes  made,  and  in  this  way  to  compare  the 
cuttings  produced  by  the  various  methods  of  undercutting.  These 
operations  were  all  carried  out  underground  at  the  face.  The  full 
results  have  not  yet  been  published,  but  through  the  courtesy  of  the 
Co-operative  Investigation  the  results  regarding  amounts  and  sizes  of 
cuttings,  summarized  in  Table  10,  were  secured. 

The  screens  used  in  these  tests  were  of  square  mesh ;  the  open- 
ings, therefore,  were  slightly  greater  in  area  than  the  corresponding 
sizes  of  round  holes,  which  are  more  convenient  as  a  standard.  A 
screen  ratio  or  sieve  scale  of  ]/?.  inch  was  used,  excepting  with  the 
smallest  size  of  screen — 100-mesh.  The  percentage  of  coarse  coal  on 
the  1-inch  screen  is  high  in  mines  in  which  pick  mining  or  puncher 
machines  were  used.  The  very  small  percentage  of  cuttings  through  a 
100-mesh  screen  is  surprising.  In  other  words,  machine  cuttings  are 
more  granular  than  they  are  commonly  supposed  to  be,  and  the  per- 
centage of  dangerous  dust  (at  least  through  100-mesh)  is  smaller  than 
was  anticipated. 

Column  6,  a  and  b,  shows  that,  as  a  general  rule,  cuttings  are 
of  lower  grade  than  the  average  face  sample  from  the  same  seam 
(see  Table  5).  The  presence  of  a  much  smaller  amount  of  ash  in  the 
top  benches  of  the  seam  at  many  mines  in  the  state  than  in  the  lower 
benches  influenced  unfavorably  the  results  given  in  Column  6.  Col- 
umn 7  gives  the  total  square  feet  of  the  seam  undercut  during  the  test, 
and  Column  8  the  total  weight  of  cuttings;  consequently,  dividing 
Column  8  by  Column  7  gives  Column  9,  which  shows  the  pounds  of 
cuttings  made  per  square  foot  of  the  seam  undercut. 

To  standardize  the  test  still  further,  the  seams  are  assumed  to 
be  6  feet  thick,  and  Column  10  shows  the  total  percentage  of  a  seam 
made  into  machine  cuttings  on  the  basis  of  a  six-foot  seam.     The 
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proper  percentage  to  allow  for  a  seam  of  any  other  thickness  may  be 
easily  calculated. 

If  machine  cuttings  were  large  enough  to  pass  into  the  lump 
sizes  their  quantity  would  be  of  minor  importance.  If  a  lj4-inch 
round  hole  is  taken  as  the  standard  size  over  which  lump  may  be  pre- 
pared (this  size  is  nearly  equivalent  to  a  1-inch  square  hole  opening)  ; 
Column  11  shows  that  considerable  difference  exists  in  the  percentage 
of  the  cuttings  which  are  fine  enough  to  pass  a  1^4-inch  round  hole; 
namely,  to  be  screenings.  The  percentages  in  Column  11,  recalculated 
on  the  basis  of  weight  in  Column  12,  are  reduced  to  the  basis  of  a 
standard  six-foot  seam,  and  are  given  in  Column  13.  Percentages  for 
thicker  or  thinner  seams  may  be  easily  figured  from  this  calculation. 
If  there  were  no  other  breakage  in  coal  mining  and  preparation,  this 
percentage  of  the  seam  would  represent  the  amount  of  l>4-inch 
screenings  made  by  undercutting. 

The  tonnage  won  after  undercutting  has  in  each  case  been 
assumed  to  be  that  part  or  block  of  the  seam  directly  over  the  under- 
cut. The  frequent  practice  of  boring  holes  deeper  than  the  undercut 
increases  the  tonnage,  and  so  decreases  the  percentage  of  the  seam 
made  into  screenings  by  undercutting.  The  puncher  machine  and  hand 
pick  show  more  favorably  in  Column  13  than  in  Column  10;  that  is, 
while  these  machines  make  more  cuttings  than  the  electric  chain 
machines,  the  sizes  of  their  cuttings  are  coarser.  An  average  of  the 
electric  chain  machines  shows  6.08  per  cent  screenings,  and  of  punchers 
11.92  per  cent.  The  writer  visited  two  mines  of  the  same  company 
within  four  miles  of  each  other  at  which  J^-inch  bar  screens  of  the 
same  size  were  used.  At  one  of  these  mines  11  per  cent  screenings 
was  produced  with  electric  mining  machines ;  at  the  other,  17  per  cent 
screenings  was  produced  with  punchers.  These  facts  tend  to  confirm 
the  reliability  of  the  figures  given  in  Table  10. 

The  agreement  of  the  electric  chain  machines  in  Column  13  is 
remarkable,  five  machines  in  five  different  mines  differing  only  7/10 
of  1  per  cent  in  total  cuttings  when  reduced  to  a  common  basis  of 
measurement.  Such  a  difference  or  even  a  greater  one  might  depend 
upon  the  nature  of  the  coal  cut,  upon  the  number  of  positions  of  bits 
used  in  the  chain,  upon  the  kind  of  bits;  that  is,  chisel  or  pick  point, 
and  also  upon  whether  the  bits  were  sharp  or  dull.  The  height  of  the 
cutting  opening  made,  or  "kerf,"  also  varies  somewhat  with  different 
machines. 

Excepting  special  manufacturers'  tests,  this  is  believed  to  repre- 
sent the  first  work  on  this  special  problem  carried  out  in  the  central 
bituminous  field.  In  Mines  and  Minerals  for  March,  1908,  p.  397, 
a  table  is  given  for  similar  work  carried  on  in  the  Westmoreland  mine, 
Pittsburg  Seam,  Pennsylvania.  For  purposes  of  comparison  the  results 
are  given  in  Table  11.* 


*See  also  G.  S.  Rice,  "The  Explosibility  of  Coal  Dust."    U.  S.  Bureau  of 
Mines,  Bui.  No.  20,  p.  35. 
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TABLE  11. 

Amounts  and  Sizes  of  Cuttings  Made  by  Various  Mining  Machines  in  the 
Pennsylvania  Bituminous  District. 


Total  Cuttings 

Through 

40  Mesh 

Method 

Pounds 

Per  Cent 

Pounds 

Per  Cent 

Chain    Machine .  . 
Hand   Pick 

3436 
1836 
4533 

10.95 

5.86 

14.45 

394 
155 
128 

1.250 
0.494 
0.408 

The  percentage  of  total  cuttings  here  is  also  reduced  to  a  six- 
foot  seam  as  a  basis  of  common  measurement. 

Considering  the  physical  differences  between  the  coals  of  the  two 
fields  and  other  possible  conditions,  as  noted  previously,  the  general 
agreement  of  these  results  with  those  of  Table  9  is  significant. 

Snubbing  and  Drilling. — By  snubbing  is  meant  the  practice  com- 
mon in  some  districts  before  shooting,  of  cutting  a  triangular  section 
from  18  inches  to  3  feet  high  from  the  lower  face  of  the  coal  above 
the  undercutting.  If  this  is  not  done  the  shooting  is  likely  to  loosen 
the  coal  only  enough  to  fill  the  space  undercut  and,  unless  excessive 
powder  is  used,  does  not  break  it  sufficiently  to  allow  easy  loading. 
Proper  snubbing  causes  the  coal  to  roll  and  spread  out  in  the  room 
with  a  minimum  of  powder. 

The  amount  of  snubbings  made  is  less  than  3  per  cent  of  the 
average  seam,  and  since  the  work  is  often  done  with  a  hand  pick  and 
there  are  two  free  faces  to  break  to,  the  relative  sizes  of  the  snub- 
bings are  large.  No  determinations  of  the  sizes  have  been  made.  Since 
from  only  two  to  five  2-inch  drill  holes  are  bored  to  a  depth  of  from 
5  to  8  feet  in  a  single  face,  the  percentage  of  fine  coal  made  in  this 
way  is  too  small  to  be  considered.  These  cuttings,  however,  contain 
a  considerable  percentage  of  fine  dust.  One  per  cent  or  less  screen- 
ings probably  represents  the  fine  coal  made  by  snubbing  and  drilling. 

Breaking  the  Coal  from  the  Face. — By  the  method  of  applying 
roof  pressure  or  wedging  as  in  longwall  mines,  the  coal  breaks  slowly 
and  into  blocks,  governed  by  the  resultant  direction  of  pressure  and 
by  the  larger  incipient  cleavage  planes,  and  consequently  loosens  ready 
for  loading  with  a  minimum  of  breakage.  At  certain  longwall  mines 
as  small  an  amount  as  15  per  cent  screenings  (1^-inch  round  hole  or 
%-inch  bar)  has  been  reported  after  loading,  hauling,  hoisting,  and 
dumping  over  the  screen.  "On  the  whole,  the  longwall  field  shows 
15  to  20  per  cent  more  lump  coal  over  l^-inch  screen  as  compared 
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with  the  rest  of  the  state."*  These  figures  agree  with  those  gathered 
by  the  author  at  individual  mines.  Although  the  question  is  somewhat 
complicated  by  partial  hand  pick  undercutting  at  some  of  the  long- 
wall  mines,  the  conclusion  seems  logical  that  the  amount  of  screen- 
ings in  the  coal  at  the  face  need  not  be  greater  than  from  5  to  10  per 
cent. 

The  amount  of  fines  or  breakage  produced  in  shooting  is  largely 
under  the  control  of  the  miner  (Chapter  I).  Heavy  charges  of  powder 
shatter  the  coal.  No  conclusive  data  on  this  subject  are  available,  and 
it  will  be  discussed  by  making  a  comparison  of  general  results  obtained 
from  the  practice  of  two  forms  of  mining;  namely,  shooting  after 
undercutting  vs.  solid  shooting. 

In  the  bituminous  field  of  Arkansas  the  change  at  one  mine  from 
undercutting  to  solid  shooting  increased  the  slack  coal  14  per  cent 
and  the  amount  of  slate  from  11  to  23  per  cent  in  three  years;  in  the 
state  as  a  whole,  the  change  to  solid  shooting  increased  the  amount 
of  slack  coal  50  per  cent.t  It  is  also  claimed  that  overshooting  weak- 
ens the  lump  coal  so  that  it  readily  slacks  off  on  standing  and  is  more 
easily  broken  by  handling.  A  retail  dealer  stated  that  when  a  car 
of  clean  lump  made  with  undercutting  was  unloaded  at  destination, 
from  3  to  5  per  cent  of  degradation  was  left  in  the  car,  while  under 
solid  shooting  the  amount  was  as  great  as  15  per  cent4  A.  A.  Steel 
states  that  Oklahoma  has  had  like  experience,^  and  other  writers  com- 
plain that  heavy  solid  shooting  not  only  increases  the  amount  of  fines 
but  also  jars  the  coal  and  breaks  the  grain,  producing  incipient  shat- 
tering, and  even  though  it  may  hold  together  until  it  passes  over  the 
screen,  it  disintegrates  more  easily  afterwards. 

A  direct  comparison  of  these  methods  has  been  made  in  several 
cases  of  Illinois.  A.  J.  Moorshead,  in  a  paper  read  before  the  1913 
meeting  of  the  Illinois  Mining  Institute,**  states  that  from  long  experi- 
ence he  believes  Illinois  coal  mined  by  machine  has  from  3  to  10 
per  cent  less  screenings  on  the  average  than  the  same  coal  shot  off  the 
solid,  but  that  some  of  the  harder  coal  gives  as  few  screenings  when 
shot  off  the  solid  as  when  undercut.  Also  he  states  that  the  percen- 
tage of  screenings  made  from  the  coal  from  seam  No.  6  in  Williamson 
county  when  shooting  off  the  solid  is  larger  than  that  made  when 
undercutting  is  practiced,  the  difference  being  probably  from  7  to  10 
per  cent.  The  difference  varies  with  the  manner  of  shooting.  At  a 
mineft  in  one  district  in  the  state,  where  shooting  off  the  solid  is  prac- 
ticed 55  per  cent  lump  over  1*4  inches  is  made,  while  at  three  mines 
where  undercutting  is  practiced  70  per  cent  lump  is  made  over  the 
same  size  screen.    A  study  was  made  of  100  typical  mines  throughout 


*S.  O.  Andros,  Co-op.  Bui.  No.  5,  p.  40. 

fA.  H.  Perdue,  Proc.  American  Mining  Congress,  1909  to  1911,  p.  227. 

JJ.  E.  Turney,  Ibid.,  p.  233. 

1lProc.  3rd  Annual  Convention,  Int.  Rwy.  Fuel  Assoc,  p.  56. 

**From  reprint  in  Colliery  Engineer,  1914,  p.  435. 

ttS.  O.  Andros,  Co-op.  Bui.  No.  6,  p.  23. 
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the  state  ;*  at  33  mines  where  shooting  off  the  solid  is  practiced  an 
average  of  65  per  cent  of  the  coal  produced  is  larger  than  1%.  inches, 
while  at  43  mines  where  undercutting  is  practiced  67  per  cent  of  the 
coal  is  larger  than  this  size. 

A  personal  communication  to  H.  H.  Stoek  gives  the  following  test 
made  at  an  unnamed  Illinois  mine: 


TABLE  12. 
Comparison  of  Sizes  Produced,  Solid  Shooting  vs.  Undercutting. 


Test                    Per  Cent  of  Lump 

Per  Cent  of  Nut     Per  Cent  of  Slack 

Undercut  by  Electric 

30 

20 

35 

20 

Generally,  the  amount  of  screenings  made  by  either  process  of 
shooting  is  measured  by  screening  through  the  tipple  screens.  Since 
the  amount  of  breakage  in  handling,  in  weighing,  and  in  screening  the 
coal,  varies  for  different  mines,  a  direct  comparison  of  breakage  by 
shooting  in  sometimes  impossible.  Figures  gathered  by  the  writer  con- 
cerning these  two  classes  of  mines  in  the  same  districts,  show  in  every 
case  as  great  or  a  greater  percentage  of  screenings  at  solid  shooting 
mines  than  at  undercutting  mines.  Of  two  neighboring  mines  in  the 
southern  part  of  the  state,  one  at  which  solid  shooting  is  used,  35  per 
cent  of  screenings  through  an  1^4~inch  round  hole  are  produced.  At 
the  other,  where  electric  machines  are  used,  the  same  percentage  of 
1^2-inch  round  hole  screenings  are  produced.  At  a  third  mine  in  this 
district,  where  electric  machines  are  used,  33  per  cent  \l/i -inch  round 
hole  screenings  are  produced. 

Permissible  Explosives. — Since  the  amount  of  permissible  explo- 
sives used  in  the  state  in  1915  amounted  to  1,342,334  pounds,  their 
influence  on  the  coal  is  of  considerable  importance.  Concerning  per- 
missible explosives  vs.  black  powder,  S.  O.  Androsf  doubts  that  per- 
missibles  make  more  slack  if  properly  used. 

J.  J.  Rutledge  and  Clarence  Hall  state,  "Permissible  explosives 
have  come  into  use  so  recently  that  it  is  not  easy  to  get  reliable  figures 
showing  the  increased  proportion  of  fine  coal  they  make  as  compared 
with  black  blasting  powder.  The  estimates  of  this  increase  given  by 
mine  superintendents  run  from  no  increase  to  10  per  cent.  Some 
superintendents  maintain  that  although  smaller  lumps  of  coal  may  be 
made  by  using  permissible  explosives,  yet  changing  from  black  blast- 
ing powder  to  these  explosives  does  not  increase  the  proportion  of 
fine  coal.  Some  persons  state  that  the  lumps  of  coal  produced  by 
using  permissible  explosives  are  not  so  easily  broken  up  during  trans- 


*S.  O.  Andros,  ''Coal  Mining  in  Illinois,"  Co-op.  Bui.  No.  13. 
fCo-operative  Bui.  No.  8,  p.  34. 
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portation  or  exposure  to  the  air  as  are  those  made  by  using  black 
blasting  powder,  whereas  other  persons  maintain  the  reverse.  How- 
ever, if  the  coal  is  undercut  or  sheared  and  the  blasting  is  done  with 
judgment,  the  permissible  explosives  make  as  good  coal  as  black  blast- 
ing powder  and  at  approximately  the  same  cost."* 

J.  R.  Fleming,  Assistant  Engineer  of  the  U.  S.  Bureau  of  Mines, 
has  gathered  data  for  a  bulletin  on  "Use  of  Explosives  in  Illinois  with 
Special  Reference  to  Permissibles."  These  data  show  that  the  per- 
centages of  fines  made  by  the  use  of  permissibles  at  several  mines 
are  less  than  when  black  blasting  powder  is  used;  in  other  cases  lit- 
tle difference  is  noted,  while  in  still  others  an  increased  amount  of 
fines  in  recorded  when  permissibles  are  used.  Following  are  sum- 
maries from  several  mines : 

Mine  No.  1.  The  extreme  case  reported  in  which  permissibles 
made  more  fines  than  black  blasting  powder. 

Year  1910  Black  Year  1912 

Size  of  Coal                                    Blasting  Powder  Permissibles 

6  in.  lump   24.19  per  cent  20.41  per  cent 

6  in.  x  3  in.  egg 19.28  per  cent  21.29  per  cent 

3  in.  x  2  in.  nut   16.50  per  cent  12.88  per  cent 

2  in.  screenings    40.03  per  cent  45.72  per  cent 

Total    100.00  per  cent         100.00  per  cent 

Mine  No.  2.     A  more  favorable  case. 

Black 

Size  of  Coal  Blasting  Powder  Permissibles 

6  in.  lump 15.2  per  cent  13.5  per  cent 

1J4  in.  x  6  in.  egg  49.5  per  cent  51.0  per  cent 

1}4  in.    screenings 35.3  per  cent  35.5  per  cent 

Total   100.0  per  cent         100.0  per  cent 

Mine  No.  3.    A  very  favorable  case. 

Black 
Size  of  Coal  Blasting  Powder         Permissibles 

2  in.  lump   47.4  per  cent  50.0  per  cent 

2  in.  screenings    52.6  per  cent  50.0  per  cent 

'  Total   100.0  per  cent         100.0  per  cent 

The  conclusion  is  that  if  permissibles  are  used  with  judgment  no 
material  increase  of  fines  results. 

Handling  the  Coal. — Loading. — Loading  the  broken  coal  into  the 
mine  car  in  Illinois  is  done  with  a  hand  shovel.  The  only  exception  to 
this  rule  occurs  in  the  case  of  two  stripping  mines  at  which  the  broken 
coal  is  loaded  with  small  steam  shovels.     At  only  one  mine,  near  La 

*"The  Use  of  Permissible  Explosives."     U.  S.  Bureau  of  Mines,  Bui.  Xo. 
10.  1912. 
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Salle,  is  the  seam  inclined  enough  to  necessitate  the  use  of  chutes  or 
other  rehandling  devices.  Breakage  from  this  cause,  which  is  often  a 
serious  question  in  other  states  in  which  the  seams  are  highly  inclined, 
is  therefore  at  a  minimum.  Whether  or  not  the  miner  loads  his  coal  in 
the  largest  possible  lumps  or  rebreaks  it,  either  by  more  powder,  by 
pick,  or  by  the  back  of  a  shovel  into  sizes  convenient  for  shoveling, 
is  a  somewhat  disputed  point.  It  is  not  uncommon,  however,  to  see 
mine  cars  containing  lumps  possibly  as  large  as  12  inches  by  18  inches, 
2y2  feet  long,  and  weighing  300  pounds ;  as  large  in  fact  as  the  two 
men  in  the  room  can  lift  into  the  car. 

Haulage. — The  coal,  having  been  loaded  into  mine  cars,  is  moved 
to  the  foot  of  the  shaft  by  mule  or  electric  locomotive,  or  both.  At 
times  the  writer  has  heard  complaint  about  breakage  caused  by  such 
transit,  especially  if  in  making  up  a  trip  the  locomotive  bumps  the 
loaded  cars,  jarring  the  contents  considerably  and  even  breaking  the 
top  load. 

Probably  the  custom  of  excessive  topping,  or  loading  the  coal 
to  too  great  a  height  above  the  top  of  the  car,  is  responsible  for  most 
of  the  breakage  in  haulage.  Bumping  easily  knocks  off  lumps  from  a 
poorly  topped  car  which  fall  on  the  roadway  and  become  broken.  At 
comparatively  few  mines  in  the  state  is  the  load  on  the  car  limited ; 
these  few,  however,  have  a  maximum  limit.  As  an  illustration,  at 
one  mine  the  car  is  supposed  to  hold  4,000  pounds  and  if  any  carload 
weighs  over  4,500  pounds,  the  excess  weight  goes  to  the  check  weigh- 
man  fund.  Such  a  rule  is  intended  to  prevent  loss  and  breakage  caused 
by  excessive  topping  of  cars.  It  is  probable  that  breakage  from  actual 
car  transportation,  whether  below  ground  or  in  railroad  cars,  has  been 
rather  overestimated. 

Breakage  Through  Dumping  into  a  Skip  at  the  SJwft  Bottom. — 
At  nearly  all  the  mines  in  the  state  coal  is  hoisted  to  the  surface  and 
into  the  tipple  in  the  mine  cars.  Attempts  have  been  made  to  dump 
the  coal  from  the  mine  car  at  the  bottom  of  the  shaft  into  skips  which 
are  hoisted  into  the  tipple  and  there  dumped  automatically.  A  similar 
arrangement  is  common  at  ore  mines  and  is  used  at  some  coal  mines 
in  the  Appalachian  districts  in  which  the  coal  is  used  for  coking,  and 
in  which  extra  breakage  is  a  benefit. 

When  a  mine  in  the  southern  part  of  this  state  abandoned  this 
system  for  the  ordinary  self-dumping  cage,  an  estimated  gain  of  10 
per  cent  in  the  coarser  sizes  resulted.  A  mine  in  the  longwall  field 
using  skips  produces  15  per  cent  more  screenings  over  the  same  size 
of  screen  than  the  average  of  six  other  mines  in  the  district  using 
cages.  In  Franklin  county  a  mine  operating  7-ton  skips  reports  6 
per  cent  more  1^4 -inch  screenings  than  the  average  of  thirteen  other 
mines  in  the  district,  and  only  12  per  cent  of  6-inch  lump  against  an 
average  of  22  per  cent  for  the  other  mines  mentioned  which  hoist  the 
mine  car  in  self-dumping  cages.* 

*S.  O.  Andros,  Co-op.  Bui.  No.  8,  p.  48. 
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If,  however,  as  in  one  or  two  cases  in  the  state,  the  output  of  a 
mine  is  u>t'(\  for  special  purposes  not  affected  by  the  general  commer- 
cial market  requirements  for  large  lumps,  skips  may  be  the  best  solu- 
tion of  the  engineering  problem  of  a  small  shafl  and  high  tonnage 
requirement. 

Breakage  in  Surface  Plants.-  Final  preparation  and  sizing  in  the 
tipple  are  carried  on  under  the  advantages  of  daylight  and  easy  access 
to  all  parts  of  the  plant.  Underground  the  coal  is  subjected  to  a  series 
of  movements  causing  breakage,  some  necessary  and  some  unnecessary, 
but  all  more  or  less  under  the  control  of  the  operator  and  miner.  In 
the  surface  plant  the  success  attained  depends  largely  upon  the  design 
and  erection  of  the  tipple  building,  chutes,  screens,  conveyors,  loading 
devices,  etc.  The  operator  usually  feels  that  this  part  of  his  mine 
plant  is  distinct  from  the  rest,  and  its  design  and  erection  is  usually 
entrusted  to  some  engineering  linn  which  makes  a  specialty  of  distinc- 
tive and  often  patented  designs  of  headframes,  weigh  boxes,  screens, 
chutes,  and  other  equipment. 

The  general  types  of  Illinois  coal  mine  tipples  or  surface  plants 
have  been  described  in  Chapter  II.  While  special  engineering  fea- 
tures of  tipples  are  reserved  for  future  discussion,  several  features 
causing  breakage  should  be  mentioned  at  this  point. 

Breakage  from  Use  of  the  Self-Dumping  Cage. — In  older  designs, 
die  cage,  after  being  brought  to  a  quick  stop  is  tipped  suddenly  with 
considerable  throw  and  jerk,  throwing  the  coal  out  of  the  tipped  car. 
At  the  required  angle  for  dumping,  the  coal  at  the  top  end  of  the  car 
is  frequently  from  6  to  8  feet  above  the  dump  shoe,  thus  giving  a 
considerable  momentum  to  the  outgoing  load.  If  the  shape  of  the 
dump  shoe  and  connecting  chutes  is  carefully  designed,  the  coal  will 
slide  out  with  a  minimum  of  breakage  and  danger. 

In  the  interests  of  safety  as  well  as  breakage  more  care  should  be 
taken  to  prevent  the  coal  being  dumped  from  missing  its  proper  chute 
and  falling  either  down  the  shaft  or  to  the  surface  around  the  head- 
frame.  It  is  not  unusual  to  see  considerable  coal  falling  when  dump- 
ing takes  place. 

Dumping  Into  Weigh  Box  mid  onto  the  Screen. — The  coal  on  being- 
dumped  from  the  car  slides  down  a  short  dump  chute  into  the  weigh 
box.  In  one  of  the  older  tipples  a  dump  chute,  6  feet  long  and  set 
at  an  angle  of  75  degrees,  gives  an  additional  falling  height  to  the  coal 
of  about  5  feet.  At  this  mine  4  per  cent  more  screenings  are  pro- 
duced than  at  a  neighboring  one  with  a  modern  tipple.  The  increase 
in  screenings  can  be  attributed  to  such  defects.  The  tipple  breakage 
is  even  apparent  to  the  eye. 

The  slope  of  the  bottom  of  the  type  of  weigh  box,  pan,  hopper, 
or  basket  illustrated  in  Fig.  22  is  usually  3?  to  40  degrees,  and  since 
the  upper  end  may  be  from  10  to  12  feet  above  the  lower  end,  the 
distance  moved  and  the  speed  acquired  by  the  coal  may  cause  con- 
siderable breakage  before  it  comes  to  rest  and  is  ready  to  be  weighed. 
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This  is  evident  from  the  flying  hits  of  coal  noticeable  in  the  usual 
type.  The  weigh  box  or  basket  is  usually  made  large  enough  to  hold 
two  or  even  three  loads  from  the  mine  car,  and  although  this  means 
waste  space,  lost  headroom,  and  chance  for  extra  breakage  if  used 
for  single  weighings  only,  the  large  capacity  allows  the  hoisting  to 
proceed  continuously  even  though  the  screens  below  may  be  stopped. 
Weigh  boxes  with  a  more  gentle  slope  or  at  least  a  changing  and 
decreasing  slope,  which  would  bring  the  coal  to  rest  without  a  shock 
and  then  would  deliver  it  on  the  screens  below  in  a  more  gradual  man- 
ner, would  be  an  improvement.     Weigh  boxes  of  this  type  have  been 


Fig.  22.     Weigh  Box. 


designed,  but  complaint  is  made  that  they  tend  to  decrease  the  speed 
of  operation.  A  weigh  box  having  a  bottom  sloping  at  a  low  enough 
angle  to  allow  a  car  of  dry  lump  to  slide  gently  may  not  be  steep 
enough  to  handle  a  car  of  moist  or  of  fine  coal,  and  if  the  angle  is  great 
enough  to  allow  wet  coal  or  slack  to  run,  lump  coal  usually  acquires 
considerable  velocity  in  passing  down  the  incline. 

Use  of  Screen  Feed  Hoppers. — The  custom  of  allowing  coal  from 
the  weigh  box  to  discharge,  either  at  the  end  or  bottom,  direct  to  the 
shaking  screen,  is  meeting  with  disfavor  for  the  following  reasons : 
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(1)  A  drop  between  the  weigh  box  and  screen  is  a  factor  in  the 
amount  of  breakage;  in  certain  tipples  a  drop  of  3l/2  feet  has  been 
noted. 

(2)  Coal  is  weighed  in  from  2  to  5-ton  lots,  and  when  this 
amount  is  dumped  suddenly  on  the  upper  screen,  it  throws  an  extra 
weight  upon  it,  which  seriously  affects  the  balance  of  weight  that 
should  be  maintained  between  the  upper  and  lower  screens,  and  gives 
additional  vibration  to  the  screen  structure. 

(3)  The  sudden  rush  of  material  from  the  weigh  box  frequently 
chokes  the  fine  screens  (which  usually  come  first),  and  allows  con- 
siderable fine  coal  to  be  carried  into  the  coarser  sizes,  damaging  their 
appearance. 

(4)  The  sudden  load  thrown  on  the  screen  puts  an  undue  strain 
on  the  driving  belt,  causing  slipping  unless  it  is  laced  to  a  considerable 
and  often  damaging  tension.  At  one  mine  two  engines  are  used  to 
drive  the  screens,  thus  avoiding  the  dead  center  troubles  and  lessening 
the  strains  just  mentioned.  This  scheme  has  not  been  adopted  gener- 
ally. 

(5)  Any  stoppage  of  the  screens  for  the  purposes  of  repair  or  to 
shift  railroad  cars  causes  the  cessation  of  hoisting  after  one  or  two 
dumps  have  filled  the  weigh  box ;  that  is,  there  is  no  storage  capacity 
between  weigh  box  and  screen. 

For  these  reasons,  steel  feed  hoppers  (Fig.  23),  with  sloping 
sides  and  holding  from  two  to  four  mine  cars  of  coal  are,  in  many 
of  the  newer  installations,  placed  under  the  weigh  box  and  at  the  head 
of  the  screen.  The  bottoms  of  these  hoppers  have  a  reciprocating 
motion,  due  to  an  adjustable  crank  arm,  the  full  stroke  being  from 
8  to  12  inches,  and  the  speed  from  40  to  o0  revolutions  per  minute. 
The  lower  part  of  the  end  of  the  box  next  to  the  screen  is  cut  away, 
thus  allowing  coal  to  fall  on  the  screen  gently  and  regularly  with  each 
back  stroke  of  the  bottom.  The  partial  load  of  coal  usually  in  these 
hoppers  reduces  the  breakage  since  a  new  load  from  the  weigh  basket 
falls  gently  onto  coal  instead  of  striking  steel.  If  such  a  feed  hopper 
cannot  be  used  on  account  of  a  lack  of  sufficient  headroom  some  form 
of  conveyor  with  sides  may  accomplish  the  same  purpose.* 

The  most  serious  objection  to  the  use  of  a  feed  hopper  is  that 
when  two  or  three  mine  cars  of  coal  are  in  it  at  the  same  time,  and 
the  coal  is  being  mixed  and  fed  continuously  onto  the  screen,  it  is 
impossible  for  a  coal  inspector  to  properly  single  out  individual  cars 
of  dirty  coal.  Some  companies  claim  that  by  good  engineering  design 
of  the  various  tipple  appliances  these  feed  hoppers  may  be  dispensed 
with. 

Screen  Breakage. — Gravity  Bar  Screens. — Usually  there  is  a  dead 
or  blank  plate  at  the  top  and  bottom  of  the  bar  screen,  the  former 
to  spread  out  the  coal  before  screening,  the  latter  to  collect  it  into 
the  loading:  chute  to  the  railroad  car.     Since  at  certain  times  the  coal 


*Coal  Age,  Vol.  1.  p.  1143. 
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may  be  damp  or  extra  fine,  or  weather  conditions  unfavorable,  a  con- 
siderably greater  slope  is  given  the  screens  than  is  necessary  to  allow 
dry  lump  to  screen  by  gravity.  The  result  is  that  a  lump  attains  con- 
siderable velocity  on  the  screens  and  suffers  breakage  when  allowed 
to  shoot  directly  into  a  railroad  car.  It  is  difficult  to  see  how  a  car 
of  commercial  lump  of  good  size  and  appearance  can  be  made  under 
such    conditions,    unless    a    simple    steel    adjustable   chute    is   installed 


Fig.  23.     A  Steel  Feed  Hopper. 


between  bar  screen  and  railroad  car  to  slow  up  the  coal  and  allow  it 
to  fall  more  gently  into  the  car.  The  breakage  is  frequently  increased 
by  the  chains,  car  wheels,  or  short  logs  of  wood  which  are  hung  above 
and  about  halfway  down  the  screen  for  the  purpose  of  checking  the 
flight  of  the  coal  or  of  turning  the  lumps  in  order  to  free  them  from 
adhering  fines.  Also  lumps  frequently  become  wedged  in  the  bars, 
and  upon  being  struck  by  succeeding  lumps  are  broken  and  drop  into 
the  screenings.  At  many  tipples  at  which  bar  screens  are  used  to  pre- 
pare coal  for  special  purposes  not  in  commercial  competition  with  lump 
coal   from  adjoining  mines,  breakage  is  of  secondary  importance;  the 
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bar  screen  being  used  to  free  the  lump  from  the  impurities  in  the  slack- 
rather  than  from  the  slack  coal   itself. 

Shaking  Screens. —  The  great  variance  in  speed,  in  slope,  and  in 
size  of  holes,  found  in  the  different  designs  of  shaker  screens,  cause 
differences  in  breakage  and  freedom  of  one  size  from  another,  hi 
most  designs  the  small  holes  come  first,  and  often  become  clogged  by 
sudden  rushes  of  coal.  The  best  results  are  obtained  at  the  mines  at 
which  this  tine  screen  is  protected  by  a  false  one  of  larger  opening 
placed  about  a  foot  above  it,  for  the  purpose  of  providing  against 
overloading  and  crushing  by  the  bulk  of  the  lump  coal.  Where  drops 
of  more  than  one  foot  are  allowed  in  passing  from  upper  to  lower 
screen  some  splintering  of  large  lumps  can  generally  be  detected. 

On  a  number  of  screens,  lumps  of  coal  fall  into  the  larger  screen 
holes  and  are  not  dislodged  until  worn  or  broken  enough  to  pass  into 
the  undersize.  This  fault  may  be  remedied  by  increasing  the  slope, 
speed,  or  length  of  throw  of  the  screen,  or  by  a  combination  of  these 
points. 

Revolving,  Trommel,  or  Roller  Screen  Breakage. — On  account  of 
the  breakage  caused  by  roller  screens  they  are  not  used  in  Illinois  tip- 
ples for  the  screening  of  lump  coal.  They  are,  however,  commonly 
used,  especially  in  the  southern  part  of  the  state,  for  producing  the 
smaller  sizes  of  coal,  and  indeed  they  were  the  only  kind  of  screens 
used  in  rescreening  plants  till  about  1910.  Now,  they  are  being 
replaced  in  the  newest  rescreeners  by  the  Parrish  screen  or  other 
approved  shakers  designed  especially  for  small  coal.  Roller  screened 
coal  can  often  be  distinguished  by  the  rounded  corners  of  the  indi- 
vidual pieces,  showing  that  attrition  has  taken  place  in  the  screen,  with 
a  consequent  production  of  the  dust  size^. 

The  severest  criticism  of  the  roller  screen  is  that  in  shape  and  in 
general  principle  of  action  it  is  similar  to  the  Bradford  disintegrator, 
an  efficient  machine  built  for  breaking  coal.  At  the  Joliet  plant  of 
the  Illinois  Steel  Company  a  Bradford  disintegrator  11  feet  in  diame- 
ter and  25  feet  long  with  screen  openings  of  l-\s-inch  diameter  breaks 
Illinois  lump  coal  so  completely  that  less  than  3  per  cent  oversize  is 
discharged,  and  this  is  mostly  hard  refuse.  Practically  all  the  coal 
is  broken  during  its  passage  through  the  screen.  Although  the  diame- 
ter of  the  disintegrator  is  5  feet'  greater  than  that  of  the  ordinary 
roller  screen,  and  although  ribs  are  placed  inside  to  lift  the  coal  and 
secure  extra  height  of  drop,  the  general  parallelirm  of  action  holds. 

Breakage  in  Loading — Passage  Over  Loading  Chutes,  Aprons,  or 
Booms. — In  England  the  loading  of  clean  lump  coal  is  assured  often 
by  loading  from  the  screen  or  belt  by  hand.  Two  men  and  a  boy  can 
load  60  tons  per  8  hours  in  this  way.  Because  of  the  price  of  labor 
and  low  value  of  the  coal  at  Illinois  mines  coal  must  be  loaded  mechan- 
ically or  automatically,  even  at  the  expense  of  slight  breakage.    Since 
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most  tipple  screens  have  considerable  slope,  inclined  chutes  are  con- 
structed to  lower  the  various  screened  products  into  the  railroad  cars. 
Such  chutes  may  be  fixed,  hinged,  shaking,  or  movable,  or  may  con- 
sist of  a  moving  or  travelling  adjustable  steel  loading  boom,  belt  or 
apron  (Fig.  24),  with  which  is  often  combined  the  picking  belt  (Fig. 
19).  Most  of  the  tipples  built  within  the  last  five  years  have  been 
equipped  for  loading  the  lump  and  egg  sizes  of  coal  with  these  travel- 
ling adjustable  loading  booms,  or  with  some  other  form  of  movable 


Fig.  24.     Loading  Boom. 


loading  chute  which  can  be  lowered  into  the  empty  car  and  raised  again 
when  that  end  of  the  car  fills. 

Loading  chutes  may  lead  directly  into  the  car  at  right  angles  to  the 
track  or  if  they  have  bends  or  right  angle  turns  or  drops  they  may 
lead  into  the  car  in  a  direction  parallel  with  its  length.  Chutes  which 
discharge  straight  into  the  car  at  right  angles  to  the  track,  unless  flat 
and  shaking,  shoot  the  coal  into  the  car.  At  one  or  two  of  the  older 
mines  in  which  these  chutes  are  still  in  use,  a  sheet  steel  buffer  is  hung 
over  the  opposite  side  of  the  car  in  order  to  prevent  spilling,  and 
since  the  coal  comes  with  considerable  force,  even  trimming  and  hand 
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picking  are  rendered  difficult.  In  a  chute  with  curved  bottom  the 
lumps  slide  down  only  in  the  lowest  part  and  one  at  a  time,  so  that  a 
swiftly  moving  piece  may  overtake  and  break  the  piece  ahead.  Other- 
wise, these  chutes  give  good  results,  especially  if  bends  are  necessary, 
because  they  turn  the  direction  of  the  coal  gradually. 

At  most  new  installations  the  loading  chutes  are  placed  parallel 
with  the  track  since  from  this  position  the  coal  can  be  loaded  with 
less  breakage,  the  chutes  can  be  lowered  into  the  cars,  spilling  of  the 
coal  over  the  sides  of  the  car  can  be  eliminated  to  a  great  extent, 
hand  picking  can  be  conducted  efficiently  and  with  greater  safety,  and 
the  coal  can  be  trimmed  more  uniformly.  Whether  or  not  the  flow 
of  coal  in  such  a  chute  should  be  with  or  against  the  direction  in 
which  the  loading  car  is  moving  is  open  to  argument.  Most  chutes 
in  Illinois  are  placed  so  that  the  coal  moves  in  the  same  direction  as 
the  car.     Advocates  of  this  system  claim : 

(a)  If  movable  loading  booms  are  used,  it  is  possible  to  get  them 
well  down  into  the  empty  car. 

(b)  Lumps  can  be  examined  and  picked  with  safety. 
Those  in  favor  of  the  other  system  claim : 

(a)  More  regular  trimming  is  possible,  especially  if  the  cars  are 
moved  by  hand  or  by  gravity. 

(b)  Less  breakage  occurs,  since  the  coal  is  always  moving  in  the 
direction  of  the  slope  of  the  coal  in  the  car.  The  only  reference  noted 
on  this  subject  favors  this  design.* 

Breakage  in  the  loading  of  the  smaller  prepared  sizes — egg  and 
nut — is  not  so  severe  on  account  of  their  smaller  size,  lighter  weight, 
and  greater  uniformity.  In  order  to  meet  the  demands  of  domestic 
trade,  these  sizes  must  be  unusually  free  from  degradation  products. 
A  number  of  mines  have  recognized  this  fact  and  have  installed  small 
degradation  or  secondary  screens  in  the  bottom  of  the  loading  chutes 
for  these  sizes.  These  screens,  bar,  round  hole,  wire  screen  hole,  or 
lip,  are  usually  stationary  and  form  the  bottom  of  the  chute  for  their 
length.  They  usually  have  less  than  1-inch  openings,  but  they  remove 
the  last  trace  of  accidental  fines  and  allow  only  the  clean,  sized  coal  to 
enter  the  car.  The  undersize  usually  passes  into  the  screenings  car  or 
to  the  boiler  room. 

The  perforations  in  the  lip  screens  (Fig.  25)  are  long  in  compari- 
son with  their  width,  and  they  become  slightly  wider  at  the  lower  or 
discharge  end.  A  slight  drop  in  the  screen  at  the  end  of  each  series 
of  slots  allows  wedged  pieces  to  be  released  at  these  points.  This 
screen  also  aids  in  removing  small  flat  impurities  which  have  been 
sized  on  the  round  hole  shaker  with  the  more  cubical  pieces  of  coal. 

Loading  and  Trimming  Railroad  Cars. — If  all  railroad  cars  were 
of  the  same  dimensions  as  regards  height,  it  would  be  a  simple  matter 
to  regulate  a  chute  so  that  loading  might  take  place  with  a  minimum 
of  breakage.     Coal   cars   differ  greatly   in   design,   in  height,   and   in 


*A.  J.  Reef,  Coal  Age,  Dec.  14,  1912. 
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capacity.  They  consist  of  three  classes :  ( a )  Gondola  cars,  with  or 
without  dumping  devices.  (1>>  Hopper  bottom  cars,  (c)  Box  cars. 
The  special  loaders  of  the  box  cars  will  be  treated  later.  Open  gon- 
dolas and  hoppers  are  the  common  classes,  and  at  present  range  in 
capacity  from  25  to  50  tons,  and  in  height  or  clearance  of  sides  above 
the  rails  they  vary  from  about  7  to  more  than  1 1  feet  in  the  newer 
"high  sides"  or  "battleships,"  as  the)'  are  often  called  at  the  mines. 
Such  a  range  of  clearance  seriously  affects  the  successful  loading  and 
trimming  of  the  cars,  especially  if  the  chutes  are  not  easily  and  quickly 
adjustable,  since  in  "spotting"  the  cars  one  with  steel  sides  is  likely 
to  be  followed  by  a  low  wooden  gondola.  At  some  of  the  old  mines, 
screens  and  chutes  are  so  low  that  the  highest  cars  cannot  be  loaded 
on  the  lump  track.  In  such  a  case,  they  are  usually  switched  under 
the  screenings  chute,  where  more  headroom  is  available  and  breakage 
not  so  important.  Also,  by  this  practice,  excessive  shifting  of  the 
loading  devices  is  avoided. 


Fig.  S 


Lip  Screen    (Cut   Loaned  by  Cross   Engineering   Co., 
Cabbondale,  Pa.) 


There  is  a  wide  difference  in  the  inside  height  of  coal  cars.  They 
range  from  3  feet  6  inches  in  the  smaller  flat  bottom  gondolas  to  9 
feet  in  the  deepest  part  of  a  modern  steel  hopper  car.  The  difference 
in  breakage  in  loading  two  such  cars  from  a  chute  of  the  same  height 
is  evident.  At  one  mine  the  loading  chute  had  been  raised  to  a  height 
of  about  14  feet  above  the  tracks  in  order  to  load  properly  and  trim  a 
high  side  car.  The  next  car  was  only  8  feet  in  height  and,  therefore, 
the  coal  dropped  about  10  feet  before  striking  the  bottom  of  the  car. 
Another  measurement  showed  that  the  end  of  the  lump  coal  chute 
had  a  clearance  of  8  feet  above  the  car  being  loaded  at  the  time. 

In  general,  car  loading  without  breakage  is  an  engineering  prob- 
lem which  has  been  practically  solved.  Frequently  the  loaders  do  not 
take  advantage  of  the  adjustable  features  of  the  chutes  by  following 
the  loading  closely,  and  often  no  attempt  whatever  is  made  to  use 
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them.  In  some  cases  bad  balancing  makes  the  shifting  of  the  auto- 
matic loading  devices  laborious.  The  newer  inclined  loading  belts  or 
booms  are  generally  controlled  by  small  electric  hoists  which  make 
adjustment  easy. 

When  loading  a  car  under  the  tipple,  first  the  end  should  be 
filled  to  the  full  height  of  the  car,  and  then  the  car  gradually  and 
slowly  moved  along,  preferably  only  a  few  inches  at  a  time.  In  this 
way  the  coal  coming  from  the  loading  chute  strikes  near  the  top  of 
the  loaded  pile,  and  after  dropping  a  minimum  distance,  rolls  gently 
down  the  slope  of  the  pile  into  the  car.  Sometimes  the  cars  are 
pinched  by  hand  while  being  loaded,  along  a  grade  which  has  become 
somewhat  irregular  by  reason  of  long  service,  while  on  other  tracks 
the  grade  is  sufficient  to  start  the  car  on  releasing  the  brakes ;  in  either 
case,  there  is  danger  of  excessive  breakage  from  lumps  dropping  the 
full  distance  to  the  floor  if  the  car  is  allowed  to  move  too  far.  At 
the  more  modern  and  larger  mines  the  cars  are  retarded  and  moved 
either  by  means  of  a  car  puller,  which  is  simply  a  wire  rope  attached 
to  a  power  driven  drum,  or  by  a  patented  car  retarder,  which  con- 
sists of  a  rope  attached  to  a  small  friction  drum  under  control  of  an 
operator.  This  allows  the  car  to  be  moved  forward  as  desired  and 
insures  a  uniform  unbroken  lump. 

While  it  may  be  argued  that  car  breakage  as  discussed  has  no 
effect  on  the  percentage  of  sizes  made,  the  following  illustration  gives 
an  idea  of  its  effect  on  the  buyer.  A  large  retail  dealer  gives  an  aver- 
age figure  of  5  per  cent  degradation  on  Illinois  lump  coal  after  care- 
ful loading,  transporting  to  Chicago,  and  then  unloading  with  a  fork. 
Other  cars,  which  he  thinks  must  be  carelessly  loaded,  frequently  con- 
tain up  to  15  per  cent  fines.  A  saving  of  10  per  cent  breakage  in 
carefully  loaded  coal  is  shown  by  these  figures. 

Box  cars  are  loaded  at  many  Illinois  mines  for  the  following 
reasons : 

(1)  General  shortage  of  regular  coal  cars. 

(2)  To  avoid  wetting  and  possible  freezing  of  the  coal  in  winter. 

(3)  Prevention  of  theft  in  distant  shipments. 

(4)  To  prevent  box  cars  returning  empty  to  the  states  west  of 
Illinois. 

(5)  Less  shrinkage  in  weight  of  the  coal  en  route. 

(6)  Railroads  sometimes  require  box  cars  to  be  used  for  ship- 
ments to  Texas  in  order  that  they  may  be  available  there  for  reship- 
ping  cotton. 

According  to  J.  J.  Rutledge,*  twenty  years  ago  in  Illinois  it  was 
common  to  see  from  six  to  twenty  laborers  shoveling  and  carrying 
lump  coal  from  the  center  doors  of  the  car  and  piling  it  in  the  ends. 
Since  that  time  a  number  of  mechanical  devices  have  been  perfected, 
called  box  car  loaders,  which  load  the  coal  evenly  in  the  car,  or  where 
desired. 


*Min.  Mag.,  March,   1906. 
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A  modern  box  car  loader  in  the  tipple  should  fulfill  the  follow- 
ing requirements:  (a)  A  capacity  equal  to  that  of  the  shaker  screen, 
(b)  Ready  adaption  to  the  regular  coal  chutes,  (c)  Mobility. — Can 
be  moved  in  and  out  of  the  cars  quickly,  (d)  Freedom  of  injury  to 
the  car  ends,  (e)  Freedom  from  breakage  in  conveying  and  deposit- 
ing the  lump  coal  in  the  ends  of  the  cars.  The  first  four  requirements 
will  come  properly  in  the  discussion  of  the  engineering  features  of  the 
tipple.  The  fifth  feature,  breakage,  is  being  overcome  in  the  newer 
designs. 

At  a  number  of  the  tipples  the  box  car  loaders,  which  had  been 
installed  several  years  previously  and  were  of  older  designs,  were 
rusty  and  unused.  Inquiry  revealed  that  the  main  reason  for  this 
was  "too  much  breakage  of  coal,"  although  it  is  fair  to  say  that  other 
reasons  were,  "we  don't  get  the  box  cars  we  used  to,"  and  "the  trade 
don't  call  for  it  loaded  that  way."  Another  objection  to  their  use  is 
that  no  inspection  or  picking  is  possible  in  the  car.  At  many  mines, 
however,  the  loaders  are  used  constantly,  and  the  fact  that  some  of 
the  newest  plants  have  installed  them  is  proof  that  they  fill  a  need. 

Much  of  the  breakage  in  connection  with  a  box  car  loader  is  due 
to  sliding  the  coal  from  the  shaker  screen  down  the  steep  chute  neces- 
sary to  bring  the  lump  coal  to  the  box  car  loader.  Mr.  A.  J.  Reef 
describes  the  difficulty  as  follows :  "It  has  been  the  universal  practice 
to  feed  box  car  loaders  over  stationary  chutes,  and  even  when  shak- 
ing screens  are  used,  the  oscillating  portion  is  at  such  height  as  to 
load  open  cars,  and  for  the  loading  of  box  cars,  a  long  and  rather 
steep  chute  is  always  employed.  The  coal  necessarily  attains  such 
speed  in  passing  through  this  latter  that  it  is  certain  to  splinter  more 
or  less  on  striking  the  loader."*  Recent  installations  in  Illinois  have 
improved  this  obvious  defect. 

Railroad  cars  are  usually  loaded  to  the  limit  of  110  per  cent  of 
their  rated  capacity,  and  the  railroads  require  loading  at  least  to 
their  rated  capacity.  Several  devices  have  been  put  on  the  market  to 
make  the  top  or  exposed  portion  of  the  carload  of  coal  appear  free 
from  small  coal.  A  well  appearing  and  nicely  trimmed  car  is  attractive 
and  calls  the  purchaser's  attention  to  the  fact  that  preparation  is 
receiving  due  attention.! 

The  St.  Louis  and  San  Francisco  Railroad  Company  has  pub- 
lished a  bulletin  on  the  proper  way  to  load  a  railroad  car  with  coal.t 
This  states  that  steel  cars  should  not  be  loaded  more  than  4  inches 
above  or  below  the  top  of  the  car  against  the  sides  and  ends.  The 
top  load  should  not  be  over  26  inches  high.  The  same  rules  apply 
to  wooden  cars,  excepting  that  the  top  load  should  not  be  over  20 
inches  high.  Cars  are  properly  loaded  according  to  the  rules  if  they 
contain  10  per  cent  in  excess  of  the  marked  capacity.  This  saves  one 
car  in  ten,  which  is  important  when  difficulty  is  experienced  in  get- 


*Coal  Age,  Dec.  14,  1912,  p.  830. 

tB.  S.  Thym,  Coal  Age,  Vol.  2,  p.  248. 

$For  abstract  see  Black  Diamond,  Dec.  6,   1914,  p.  21. 
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ting  cars  spotted.  Further,  they  note  that  the  above  advantage  should 
more  than  pay  for  careful  trimming.  These  rules  also  reduce  loss 
and  breakage  to  a  minimum. 

Rescreener  and  Bin  Breakage. — These  have  been  considered  briefly 
under  Date  on  Degradation  of  Bituminous  Coal,  p.  76.  Further 
data  concerning  this  subject  are  not  available  for  this  bulletin. 

Attention  has  been  called  to  every  possibility  of  breakage  because 
it  is  believed  that  the  great  care  taken  at  the  face  to  avoid  the  pro- 
duction of  fines  can  be  rendered  useless  by  carelessness  in  handling 
below  and  especially  above  ground,  from  the  time  the  coal  is  hoisted 
until  it  is  shipped.  A  single  illustration,  chosen  from  a  reliable  source, 
shows  the  importance  of  modern  engineering  devices  in  the  tipple  in 
preventing  breakage. 

At  a  mine  in  southern  Illinois  a  new  tipple  was  recently  installed 
in  which  particular  attention  was  given  to  the  question  of  breakage. 
Comparative  data  given  in  Table  13  show  the  percentages  of  sizes  made 
in  the  old  and  new  tipples,  together  with  a  probable  realizable  value 
per  ton  of  coal  produced.  The  prices  per  ton  are  an  average  of  the 
circular  prices  for  the  Franklin  county  field  for  the  years  1913  and 
1914. 


TABLE   13. 
Relative   Percentages   and   Prices  Received  for   Coat,  with   Old  and  New 

Tipple  Equipment. 


Old    Tipple    Equipment 

New  Tipple  Equipment 

Sizes 

Percent- 
age of 
Output 

Value 
per 
Ton 

Percentage 
times  Value 

or  Value 
of  Each  Size 

in  a  Ton 

Percent- 
age of 
Output 

Value 
per 
Ton 

Percentage 
times  Value 

or  Value 
of  Each  Size 

in  a  Ton 

Screenings 
Small  Nut 
2x3-in.  Nut 
3x6- in.  Egg 
6-in.  Lump 

37 
6 

12 
24 
21 

$0.73 
1.38 
1.50 
1.47 
1.50 

$0.2701 
0.0828 
0.1  SOO 
0.3528 
0.3150 

33 

7 
11 
23 
26 

$0.73 
1.38 
1.50 
1.47 
1.50 

$0.2409 
0.0966 
0.1650 
0.3381 
0.3900 

Total 

100 

1     $1.2007 

100 

$1.2306 

Without  changing  underground  methods  and  by  tipple  improve- 
ments alone  the  value  of  the  coal  was  increased  3  cents  per  ton.  At 
a  2,000-ton  mine  this  is  an  added  income  of  sixty  dollars  per  day; 
enough  to  yield  considerable  profit  after  covering  the  extra  fixed 
charges.  Another  benefit  not  apparent  from  an  inspection  of  the 
table  is  that  with  the  new  tipple  the  percentage  of  domestic  sizes  is 
somewhat  less  than  with  the  old.  Although  about  the  same  prices 
are  quoted  for  these  sizes  as  for  lump,  it  is  well  known  that  they  are 
at  times  a  drug  on  the  market  and  must  be  sold  at  a  lower  price. 


CHAPTER  IV. 

Sizing  and  Sizes  of  Illinois  Coal. 

statement  of  problem. 

No  feature  of  coal  preparation  in  Illinois  has  caused  so  much 
discussion  as  the  question  of  sizing  coal  in  the  mine  tipple  for  the 
various  markets.  The  tendency  during  the  past  few  years  undoubtedly 
has  been  towards  a  multiplication  in  the  number  of  sizes  with  a  con- 
sequent increase  of  mechanical  equipment  and  preparation  cost  for 
each  ton  produced.  The  introduction  of  a  new  size  for  a  particular 
purpose  at  one  mine  has  forced  producers  at  competing  mines  to  intro- 
duce a  like  or  even  greater  refinement  in  order  to  hold  their  trade. 
Such  competition  has  been  severe  especially  among  the  smaller  mines 
at  which  the  limited  tonnage  produced  makes  difficult  the  disposal  of 
small  amounts  of  special  sizes  made  as  a  by-product  during  the  pro- 
duction of  the  more  salable  special  sizes.  The  domestic  trade  today 
demands  the  larger  coal  ;*  thus  the  considerable  amount  of  fines  pro- 
duced in  its  preparation  must  be  absorbed  by  the  steam  trade.  At 
times  this  causes  demoralization  of  the  steam  coal  market. 

The  coal  mining  industry  is  seriously  asking  the  question,  "Are 
too  many,  enough,  or  too  few  sizes  of  coal  being  made  in  Illinois 
today?"  A  majority  of  the  operators  have  expressed  themselves  in 
favor  of  a  simplification  of  sizing  and  of  sizes  made,  contending  that 
(a)  formerly  the  trade  was  satisfied  with  fewer  sizes,  (b)  present 
sizing  tends  to  cause  undue  loss  through  the  production  of  consider- 
able amounts  of  fines  during  screening  and  preparation,  (c)  at  cer- 
tain periods  of  the  year  such  carefully  prepared  sizes  are  not  in 
demand  and  must  be  sacrificed  with  the  smaller  and  cheaper  coal,  and 
(d)  consumers  do  not  receive  sufficient  benefit  from  sized  coals  to 
warrant  their  paying  the  increased  price  per  ton  which  careful  prepa- 
ration demands.  They  also  claim  that  retail  dealers  do  not  like  to 
handle  so  many  sizes  in  their  yards.  Some  even  favor  shipping  run 
of  mine  coal  only,  since  the  lumps  in  such  coal,  having  a  cushion  of 
fines  to  ride  on,  ship  with  minimum  breakage.  If  sizes  are  needed 
for  domestic  trade,  the  retail  yard  could  prepare  them  as  needed  in 
a  perfect  condition.  This  plan  has  been  adopted  at  one  Chicago  coal 
yard.t 

Others  contend  that  (a)  the  present  sizing  practice  is  the  legiti- 
mate evolution  of  an  increased  knowledge  and  consequent  demand  on 
the  part  of  the  consumer,  (b)  much  capital  expense  has  been  incurred 
by  mining  companies  in  the  erection  of  special  screening  and  rescreen- 
ing  plants  to  meet  this  demand,  and  (c)  having  won  satisfied  cus- 
tomers in  this  way,  a  change  would  be  folly.  Still  others  contend 
that  the  benefits  resulting  from  very  closely  sized  coals  are  great,  and 

*Black  Diamond,  Oct.  10,  1914.  p.  281. 
fBlack  Diamond,  March  8,  1913. 
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that  even  closer  sizing  is  in  demand.     They  favor  the  multiplication 
of  sizes  as  fast  as  the  market  will  absorb  them. 

Many  of  the  arguments  over  the  above  questions  fail  to  con- 
sider the  basic  question:  namely,  "Have  the  correct  sizes  been  made?" 
Is  not  the  present  practice  in  sizing,  although  complex,  based  on 
custom  and  convenience,  rather  than  on  accurate  knowledge  of  what 
sizes  or  range  of  sizes  are  most  efficient  for  the  consumer  and 
consequently  of  greatest  potential  value  to  the  producer? 

Necessity  for  Close  Sizing. — In  discussing  the  question  of  sizing 
Illinois  bituminous  coal,  care  should  be  taken  to  differentiate  it  from 
Pennsylvania  anthracite  and  from  the  Appalachian  bituminous  coal 
with  which  it  competes. 

No  doubt,  close  sizing  is  necessary  for  the  successful  burning  of 
anthracite  coal.  One  of  the  best  summaries  on  this  question  is  given 
by  J.  Callon,*  who  says  that  Pennsylvania  anthracite  will  not  decrep- 
itate enough  in  the  fire  to  burn  without  sizing;  that  it  cannot  be  in  too 
large  sizes  because  the  cold  mass  would  be  in  too  great  proportion  to 
the  incandescent  surface ;  that  all  the  fragments  must  be  of  nearly  the 
same  size  so  that  all  the  particles  will  be  under  the  action  of  the 
flame  at  the  same  time ;  that  little  pieces  must  not  be  so  numerous  as 
to  fill  up  the  space  between  the  large ;  and  that  these  little  particles  are 
useless  because  they  do  not  coke.  Moreover,  he  states  that  the  hard 
nature  of  anthracite  permits  close  sizing  without  excessive  breakage. 

In  burning  the  friable  Appalachian  bituminous  coal,  a  new  set 
of  conditions  arises.  The  coal,  whether  large  or  small,  when  intro- 
duced into  the  fire,  heats,  gives  off  its  volatile  combustible  matter, 
swells,  becomes  pasty,  and  fuses  or  cokes  into  a  more  or  less  coherent 
mass.  In  hand  fired  furnaces  this  coke  must  sometimes  be  broken 
with  a  slice  bar  in  order  to  give  the  air  free  access  to  the  fixed  carbon 
or  coke  remaining,  although  the  coke  is  in  itself  porous,  and  usually 
admits  air,  causing  combustion  to  take  place  throughout  the  whole 
mass.  Much  of  the  value  of  close  sizing  is  lost  through  this  coking 
of  the  pieces,  whether  large  or  small. 

Illinois  coals  are  essentially  free  burning  or  non-coking  in  an  open 
fire,  are  higher  in  volatile  matter  than  either  of  the  two  coals  just 
discussed,  and  in  point  of  hardness  lie  between  them.  On  account  of 
its  lack  of  coking  properties  it  might  be  well  to  imitate  the  close  sizing 
used  with  anthracite ;  at  least  to  size  enough  to  prevent  fines  from  fall- 
ing through  the  grate  bars,  although  in  some  cases  wetting  of  the  coal 
is  said  to  cause  this  fine  material  to  adhere  to  the  larger  lumps  long 
enough  for  it  to  be  burned  with  success.  On  the  other  hand,  its 
property  of  decrepitating  readily  in  the  fire  into  more  or  less  rec- 
tangular blocks,  allowing  free  admission  of  air  would  seem  to  refute 

*Cours  d'Exploitation  des  Mines,  Texte  3,  p.   153. 
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the  general  claim  that  increased  furnace  efficiency  is  a  result  of  close 
preliminary  sizing. 

The  following  reasons  have  been  advanced  for  closely  sizing 
Illinois  coal  :* 

(1)  Increased  furnace  and  boiler  efficiency. 

(2)  Less  loss  of  fuel  in  ash. 

(3)  Less  smoke. 

(4)  Uniformity  in  quality  better  assured. 

(5)  Uniform  combustion  insuring  great  capacity. 

(6)  Less  clinker  and  cinders. t 

(7)  Less  draft  needed. 

(8)  Longer  life  of  grates. 

(9)  Less  cleaning  of  fires  and  tubes. 

(10)  Greater  efficiency  of  fireman,  through  handling  evenly  sized 

lumps. 

(11)  Furnace  under  better  control;  steam  can  be  increased  more 

rapidly. 

(12)  Sized  coal  may  be  stored  with  little  danger  of  spontaneous 

combustion. 

(13)  Increased    capacity    of    furnace    through    more    rapid    com- 

bustion. 

(14)  Even    and    regular    air    supply    encircling   each    piece   being 

burned. 

(15)  Sizing  allows  depth  of  fire  to  be  adjusted  so  as  to  give  each 

size  its  proper  draft. 

(16)  Quicker  fire  on  account  of  great  number  of  surfaces  in  pro- 

portion to  the  weight  immediately  exposed  to  the  fire. 

(17)  Less  dirt  and  dust. 

It  is  not  province  of  this  bulletin  to  discuss  all  of  these  reasons. 
Some  which  are  true  in  the  case  of  anthracite,  coking  bituminous,  or 
even  briquetted  coal,  are  not  necessarily  true  in  the  case  of  Illinois 
coal,  or  may  be  true  when  the  coal  is  used  for  a  particular  purpose 
only.  In  general,  the  size  of  coal  which  can  evaporate  the  most  water 
for  a  dollar  under  the  conditions  imposed  will  ultimately  determine 
which  sizing  practice  will  be  adopted.  Until  tests  have  settled  this 
point,  a  universally  acceptable  standardization,  at  least  of  steam  coal, 
is  not  feasible. 

Another  view  point  is  the  following :  "From  an  engineering  stand- 
point, exact  sizing  is  right  for  effective  combustion,  but  consumers 
for  whom  sizing  is  done  do  not  want  to  pay  for  it,  therefore  in  a 
commercial  sense  sizing  is  wrong.":}: 

Sizes  Prepared  in  Illinois. — In  order  to  bring  out  present  sizing 
practices  in  Illinois  a  list  of  the  various  sizes  of  coal  prepared  has  been 


*Partly  after  C.  T.  Malcolmson.  "Briquetted  Coal."  Proc.  1st  Annual 
Convent.,  Int.  Rwy.  Fuel  Assoc,  1909. 

fBul.  325,  U.  S.  G.  S.,  p.  40,  gives  a  table  showing  that  size  has  no 
effect  on  clinkering. 

JBlack  Diamond,  December  5,  1914,  p.  455. 
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compiled  and  is  given  below,  together  with  trade  names  and  general 
use  or  significance  of  these  sizes.  The  screen  in  each  case  is  under- 
stood to  be  a  standard  round  hole  plate,  unless  otherwise  stated. 

(1)  Run  of  Mine. — Coal  sold  as  mined  without  preparation,  and 
including  all  sizes  mixed  together. 

(2)  Lump  Coal. — The  larger  sizes,  from  which  the  finer  have 
been  removed.  Lump  may  be  made  by  screening  over  any  one  of  a 
variety  of  sizes  of  holes.  In  different  parts  of  the  state  the  size  of 
perforation  varies  from  l/2  inch  to  8  inches.  A  few  sizes,  however, 
are  so  common  that  special  names  have  been  given  to  the  lump  coal 
made  over  them.    They  are : 

(3)  Big  Lump  or  Fancy  Lump. — Made  over  a  screen  with  8-inch 
holes. 

(4)  Standard  Lump  or  Chunk. — Made  over  a  screen  with  5-inch, 
6-inch,  or  even  8-inch  holes.  This  is  the  common  large  size  made  for 
the  retail  trade,  and  is  a  favorite,  especially  if  coal  must  stand  con- 
siderable handling  before  using,  as  in  the  northwestern  trade.  In  one 
district  a  mixture  of  egg  and  lump  mixed  is  called  standard  lump. 

(5)  Domestic  Lump. — Usually  a  lump  made  over  a  screen  having 
3-inch  or  4-inch  holes;  or  it  may  be  identical  with  (4). 

(6)  Steam  Lump  or  Ordinary  Lump. — Usually  made  over  a 
screen  with  l^-inch  or  frequently  l>4-inch  or  2-inch  holes;  at  some 
mines  the  holes  may  be  1^  inches  or  smaller.  Bar  screens  are  also 
used  to  prepare  this  product. 

(7)  Three  Quarters  Coal. — Lump  and  nut  coal  mixed.  (A  term 
adopted  from  the  Pittsburgh  district  in  which  bar  screens  are  used.) 

(8)  Modified  Lump. — Made  by  taking  only  part  of  the  screenings 
from  run  of  mine  coal.  (More  frequently  used  in  the  Kansas  dis- 
tricts, and  is  made  by  taking  25  per  cent  screenings  from  run  of  mine 
containing  about  40  per  cent  screenings.) 

(9)  Railroad  Lump  or  Standard  Railroad  Lump. — About  the 
same  size  as  No.  6.  In  places  this  is  dumped  over  a  bar  screen  with 
8  to  10-inch  spaces  for  the  purpose  of  reducing  the  largest  lumps  in 
order  that  they  may  be  fired  without  the  necessity  of  breaking.  In 
this  case  it  may  be  called  Engine  Coal  or  Locomotive  Coal. 

(10)  Engine  Coal  or  Locomotive  Coal. —  (See  (9).)  These  terms 
may  also  refer  to  run  of  mine  coal  broken  to  pass  bars  from  8  to  10 
inches  apart,  placed  over  the  receiving  hopper  or  pockets  of  the  coal- 
ing station.  Locomotives  burn  other  sizes  of  coal  and  at  least  locally, 
the  terms  defined  may  refer  to  almost  any  size. 

(11)  Chute  Coal. — A  coal  containing  all  sizes  under  about  6 
inches,  including  screenings,  which  is  frequently  sold  for  local  uses. 
Railroad  Chute  Coal  may  be  any  size  used  in  locomotives. 

( 12)  Local  Trade  or  Wagon  Coal. — At  many  of  the  mines  situated 
in  or  near  towns  there  is  an  auxiliary  chute  leading  from  below  the 
weigh  box  to  the  ground  at  a  place  convenient  for  loading  wagons. 
This  chute  usually  contains  a  Dar  screen  with  as  small  as  ^4-inch  or  as 
large  as  2-inch  spaces,  over  which  this  size  is  prepared. 
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(13)  Egg  Coal. — If  screens  with  from  4  to  8-inch  holes  are  used 
in  preparing  a  lump,  the  largest  of  the  sizes  below  this  limit  is  called 
egg.  Thus  egg  coal  may  be  as  small  as  1^-inch  or  as  large  as  8 
inches  in  diameter.  If  a  wide  range  is  included  in  the  egg  size,  as 
from  V/x  to  6  inches,  it  is  frequently  called  Railroad  Egg  or  Railroad 
Coal.  The  most  common  egg  coal,  however,  is  that  made  through 
a  6-inch  and  over  a  3-inch  hole.  In  retail  trade  this  is  sometimes  called 
Furnace  Coal. 

(14)  Egg  Run. — Made  by  leaving  all  the  smaller  sizes  in  the  egg 
coal.  May  be  all  coal  passing  a  screen  with  5,  6,  or  even  8-inch  holes. 
Used  mostly  by  locomotives. 

(15)  Nut  Coal. — The  sizes  smaller  than  egg  and  from  which  the 
smallest  coal  has  been  removed.  Nut  is  made  as  large  as  Z1/*  inches 
and  as  small  as  *4  mcn  m  diameter.  The  usual  size,  however,  is 
through  a  3-inch  and  over  a  1^4-inch  screen. 

(16)  Nut  Run. — Includes  nut  coal  and  all  smaller  sizes.  If  nut 
run  is  rescreened,  it  may  be  divided  into  any  combinations  of  five  sizes, 
the  usual  dimensions  of  which  are  as  follows : 

(17)  No.  1  Nut. — Through  3-inch  and  over  2-inch.  (May  be 
called  Small  Egg.) 

(18)  No.  2  Nut. — Through  2-inch  and  over  l^-inch.  (May  be 
called  Stove.) 

(19)  No.  3  Nut. — Through  1  ^4-inch  and  over  ^-inch.  (May  be 
called  Chestnut.) 

(20)  No.  4  Nut. — Through  24-inch  and  over  *4 -inch.  (May  be 
called  Pea,  Buckshot,  or  the  smaller  sizes,  Buckwheat.) 

(21)  No.  5  Nut. — Through  J4_inch  and  over  0-inch.  (May  be 
called  Dust  or  Slack.) 

Nut  coal  is  frequently  washed,  in  which  case  sizes  may  be  pre- 
pared, ranging  as  follows  :* 

(22)  No.  1  Extra  Washed. — Always  under  3%-inches  and  always 
over  23/2-inches. 

(23)  No.  1  Washed. — Always  under  3  3/2 -inches  and  always  over 
1^4-inches. 

(  24)  No.  2  Extra  Washed. — Always  under  2j4-inches  and  always 
over  1  ^-inches. 

(25)  No.  2  Washed. — Always  under  2^4-inches  and  always  over 
%-inches. 

(26)  No.  3  Washed. — Always  under  V/2 -inches  and  always  over 
^-inches. 

(27)  No.  4  Washed. — Always  under  %-inch  and  always  over 
3/16-inch. 

(28)  No.  5  Washed. — Always  under  7/16-inch  and  always  over 
0-inch. 

If  only  two  sizes  are  made  at  a  washery,  the  larger  is  designated 
"washed  nut"  and  the  smaller  "washed  slack." 


*F.    C.    Lincoln.    "Coal    Washing    in    Illinois."     Bui.    No.   69,    Engineering 
Experiment  Station,  University  of  Illinois,  p.  44. 
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(29^  Pea  Coal. — In  Illinois  this  term  refers  to  the  intermediate 
sizes  of  nut.  (See  (20).)  Coal  ranging  in  any  of  the  sizes  between 
2  inches  and  34  incn  has  been  called  pea.  Generally  this  term  refers 
to  some  size  of  coal  made  with  less  than  1J4  inch  as  a  maximum 
dimension  and  with  greater  than  %  inch  as  a  minimum. 

(30)  Screenings  or  Raw  Screenings. — The  general  term  for  the 
fines  made  in  the  tipple,  if  they  are  not  rescreened,  includes  all  sizes 
passing  2-inch  holes  or  more  generally  lj^-inch  holes,  although  screen- 
ings are  made  with  larger  or  smaller  maximum  limits  than  these.  It  is 
the  standard  chain  grate  stoker  coal. 

(31)  Slack. — Refers  to  screenings  from  which  the  larger  sizes 
have  been  taken.  It  may  be  from  Y\  inch  (plus  or  minus)  to  zero 
in  size.    The  term  is  frequently  used  interchangeably  with  screenings. 

(32)  Coarse  Slack  or  Stoker  Coal. — A  combination  of  Slack,  Pea, 
and  Nut. 

(33)  Fancy  Screenings. — Refers  to  Pea  and  Slack  sizes  not  sepa- 
rated, and  is  sometimes  called  Pea  Run. 

(34)  Duff. — The  smaller  sizes  of  rescreened  coal.  It  may  be 
l/2  inch  (plus  or  minus)  to  zero,  or  may  refer  to  the  same  sizes  as 
Slack  or  as  Dust  Coal. 

(35)  Dust  Coal. — Usually  refers  to  the  smallest  coal.  Thus  No. 
5  Nut  (See  (28)  )  of  a  size  Y\  inch  to  zero  may  be  called  Dust  Coal. 
This  coal  is  also  referred  to  as  Culm. 

(31),  (34),  and  (35)  are  sometimes  called  Waste  Coal,  especially 
if  they  are  so  dirty  that  they  have  little  market  value. 

(36)  Pulverized  or  Powdered  Coal. — Coal  used  in  metallurgical 
furnaces  or  cement  kilns  is  frequently  ground  before  burning  so  that 
92  per  cent  or  more  passes  a  100-mesh  screen.  This  is  usually  done  at 
the  plants  in  which  it  is  used.* 

Common  terms  used  in  connection  with  prepared  Illinois  coal, 
although  not  restricted  to  any  special  sizes  are  the  following: 

Secondary  Coal. — Coal  in  general  not  of  the  first  grade.  It  may 
be  a  product  from  the  picking  belts  in  the  tipple  or  from  the  second 
compartment  of  a  washing  jig. 

Bug  Dust. — Machine  cuttings. 

Clean  Coal. — A  coal  properly  prepared  without  visible  impurities; 
and  not  one  free  from  small  sizes,  as  sometimes  thought.! 

Dirty  Coal. — A  term  ordinarily  used  when  fines  or  degradation 
products  are  visible  in  the  coal ;  should  be  used  only  to  designate  the 
presence  of  visible  foreign  matter  or  impurities. \ 

Conditions  Affecting  the  Sices  Produced. — Considerable  differ- 
ences exist  in  the  actual  sizes  of  the  coals  just  defined,  due  to 
differences  in  the  screening  surface  and  to  the  conditions  under  which 
screening  is  carried  on.     The  screening  surface  may  be  composed  of 

*For  a   symposium  on  powdered    fuel   see :    Journal   American   Society   of 
Mechanical  Engineers,  October,  1914. 
tBlack  Diamond,   May   11.   1912. 
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bars,  of  screen  plate  with  round  or  oblong  holes,  or  of  wire  screens 
with  square  or  rectangular  openings.  The  latter  are  used  only  on  roller 
sceens  in  rescreening  plants.  Also,  the  steeper  the  angle  at  which 
the  screen  is  placed,  the  smaller  is  the  maximum  piece  which  will  just 
pass  the  holes. 

Round  and  Square  Hole  Screens. — The  round  hole  screen  is  by 
far  the  most  common  in  Illinois,  and  is  generally  taken  as  a  standard. 
No  tests  are  available  showing  the  width  of  bar  screen  or  the  diameter 
of  square  opening  which  will  pass  the  same  percentage  of  an  Illinois 
coal  as  will  a  round  hole  of  given  diameter. 

Tests  on  other  bituminous  coals  show  that  a  5^-inch  bar  screen 
will  pass  the  same  percentage  of  run  of  mine  coal  as  a  1-inch  round 
hole.*  Another  test  shows  that  a  square  hole  screen  will  pass  as  much 
material  as  a  round  hole  screen  with  a  diameter  1.23  times  as  large,  t 
Thus,  a  1-inch  square  hole  may  be  equivalent  to  about  a  l^-inch  round 
hole,  and  a  1^-inch  bar  screen  equivalent  to  a  2-inch  round  hole 
screen.  The  largest  pieces  made  on  a  round  hole  screen  are  more  nearly 
of  uniform  dimensions  in  two  directions.  For  these  reasons,  if  exact 
sizes  are  desired,  specifications  should  state  not  only  the  sizes  of  coal 
desired,  but  also  the  kind  of  screen  over  which  they  are  to  be  made, 
since  an  operator  using  a  1^-inch  bar  screen  produces  a  considerably 
coarser  screenings  than  one  using  a  1 54-inch  round  hole  screen. 

Sizes  in  Competing  Districts. — The  market  for  Illinois  coal  covers 
at  least  parts  of  eighteen  states.  In  different  portions  of  the  territory 
this  coal  comes  into  competition  chiefly  with  the  bituminous  coal  from 
West  Virginia,  Kentucky,  Ohio,  and  Indiana  on  the  east,  and  from 
Iowa,  Missouri,  Kansas,  Oklahoma,  etc.,  on  the  west.  Multiplication 
of  sizes  in  all  of  these  districts  has  been  rapid  during  the  past  few 
years,  and  many  mines  formerly  producing  only  lump  and  screenings, 
now  ship  two  or  more  prepared  sizes. 

Until  recently  the  initial  preparation  of  coal  in  much  of  the  eastern 
territory  mentioned  was  governed  by  an  agreement  between  the  coal 
operators  and  the  United  Mine  Workers  of  America,  which  specified 
as  follows: 

"Screens  hereby  adopted  for  the  State  of  Ohio,  Western  Penn- 
sylvania, and  the  bituminous  district  of  Indiana  shall  be  uniform  in 
size,  six  feet  wide  by  twelve  feet  long,  built  of  flat  or  Akron|  shaped 
bar  of  not  less  than  %  of  an  inch  surface  with  1%  inches  between  bars, 
free  from  obstructions,  and  that  such  screen  will  rest  upon  a  sufficient 
number  of  bearings  to  hold  the  bars  in  proper  position." 

Frequently,  the  slack  or  screenings  made  through  this  standard 
screen  are  rescreened  over  a  bar  screen  having  ^  or  %-inch  spaces, 
making  pea  and  slack.     In  other  cases  this  second  screening  is  over 

*Henry  Louis,  "The  Dressing  of  Mineral,"  p.  12. 

tEng.  and  Min.  Jour.,  March   13,   1915,   p.  493. 

±The  name  Akron  bar  refers  to  a  bar  of  particular  cross  section,  taking  its 
name  from  the  city  of  Akron,  Ohio,  where  it  originated,  and  not  from  the 
resemblance  of  the  cross  section  of  the  bar  to  an  acorn,  as  has  been  suggested. 
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a  rotary  screen  with  square  or  round  holes.  As  has  been  stated, 
Ohio  has  recently  passed  to  the  mine  run  basis  which  will  lead  to 
a  change  in  preparation  and  possibly  to  a  multiplication  of  sizes  to 
meet  competing  districts. 

In  districts  of  West  Virginia  in  which  coking  coal  is  mined  not  so 
much  attention  is  paid  to  sizing  as  in  districts  in  which  splint  and  gas 
coals  are  mined.  Thus,  in  the  New  River  field  3-inch  bar  lump,  1  or 
13/2-inch  bar  to  3-inch  bar  egg,  and  1  or  ^2-inch  bar  screenings  are 
prepared.  From  the  Fairmont  region  of  northern  West  Virginia  the 
following  sizes  are  shipped  :* 

(a)  Lump. — Four  inches,  3  inches,  2y2  inches,  2  inches,  V/2 
inches,  V/4  inches,  and  }%  inch. 

(b)  Egg  and  Nut. — The  sizes  depend  upon  the  size  of  lump. 

(c)  Pea. — Through  34-inch  and  over  ^2-inch. 

(d)  Slack. — Through  ^4-inch.  This  district  has  been  sizing  its 
coal  closely  since  1900.  The  recent  tendency  is  towards  a  simplification 
in  the  number  of  sizes. 

In  Indiana  1^4-inch  bar  screenings  are  prepared  which  may  be 
rescreened  into  pea  or  slack.  The  l^-inch  bar  lump  is  frequently 
made  into  nut,  egg,  and  lump  which  competes  with  Illinois  sizing. 

In  Kentucky  the  practice  varies  greatly,  but  in  many  of  the  newer 
tipples,  especially  in  the  eastern  part  of  the  state,  and  in  several  cases 
in  the  western  part,  shaker  and  other  screens  have  been  installed  to 
prepare  the  domestic  and  other  sizes  common  in  Illinois. 

In  Iowa,  Missouri,  and  Kansas,  although  payment  to  the  miner 
is  on  the  run  of  mine  basis,  preparation  is  generally  more  simple  than 
in  Illinois.  One,  two,  or  three  sets  of  bar  screens  are  often  used, 
making  at  the  most  four  sizes;  through  1^-inch,  through  2^-inch, 
then  through  4,  5,  or  6-inch,  and  a  large  lump  over  this  size.  Round 
hole  shaker  screens,  however,  are  not  uncommon  in  these  fields.  For 
example,  Kansas  coal  for  general  domestic  trade  is  prepared  over 
round  hole  shaker  screens  into  3-inch  lump,  2-inch  to  3-inch  egg,  3/4- 
inch  to  2-inch  nut,  and  a  3/j-inch  slack. 

Oklahoma.     (For  Oklahoma  sizes  see  p.  109.) 

Standardization  of  Sices. — Such  a  multitude  of  sizes  and  names 
of  bituminous  coal  must  be  a  cause  of  uncertainty,  trouble,  and  annoy- 
ance to  producer  and  consumer  alike;  to  the  producer  in  endeavoring 
to  adjust  his  own  screens  to  meet  the  extremely  varying  market,  and 
to  the  consumer  from  lack  of  information  regarding  the  nature  and 
real  worth  of  the  many  sizes.  Aside  from  the  question  as  to  whether 
more  or  fewer  sizes  are  advantageous,  Illinois  and  the  rest  of  the 
bituminous  field  are  badly  in  need  of  some  standardization  of  sizes. 

In  November,  1914,  a  radical  change,  proposing  to  do  away  with 
the  many  sizes  now  made  and  to  return  to  the  old  methods  of  pro- 
ducing 1^4-inch  screenings  and  l*4_mcn  lump  coal  only,  was  advocated 

*H.  H.  Stoek,  "Mechanical  Preparation  of  Coal."     Proc.  2nd  Annual  Con- 
vention, Int.  Rwy.  Fuel  Assoc,  1910. 
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in  the  present  method  of  preparing  bituminous  coal  at  the  mines  in 
Illinois  and  in  the  eastern  competing  region.  This  plan  contained  a 
provision  for  producing  a  domestic  nut  size  when  necessary.*  The 
plan  was  not  to  be  adopted  until  accepted  by  enough  operators  to 
represent  90  per  cent  of  the  tonnage  in  the  field. 

Mr.  H.  C.  Adams,  the  originator  of  the  plan,  states  that  Ohio, 
Indiana,  West  Virginia,  and  western  Kentucky  appeared  to  be  favor- 
able to  the  change,  but  that  Illinois  and  the  southeastern  Kentucky  did 
not  give  sufficient  support  to  make  it  successful,  f  Figures  given 
for  Illinois  show  that  operators  representing  about  two-thirds  of  the 
tonnage  were  willing  to  standardize  if  competing  districts  would  do 
likewise,  and  that  over  14  per  cent  of  the  remainder  represented  mines 
not  entering  the  general  market.  It  is  remarkable  that  such  a  per- 
centage of  the  operators  were  willing  to  return  to  the  simplest  of  all 
preparation, — two  sizes,  and  of  course  run  of  mine.  Further  opposi- 
tion to  the  plan  was  made  by  the  railroads  which  in  some  cases  were 
afraid  the  change  would  mean  forced  sizing  in  their  own  chutes, 
especially  if  they  had  been  accustomed  to  burn  lump.t 

Standard  Practice  in  Various  Districts. — Standardization  has  been 
accomplished  in  several  districts,  as  is  shown  by  the  following: 


TABLE  14. 
Commercial  Sizes  of  Anthracite. 


Diameter  of  Ring 

Uses 

Name  of 
Size 

Over 
inches 

Through 
inches 

Lump 
Steamboat 

Broken 

Egg 

Stove 

Nut 

Pea 

Buckwheat 

Rice 

Barley 

6% 

4% 

3y4 

1% 
il 

% 

y4 

6% 

Wz 

3y4 

2& 

1% 
\i 
% 

Locomotive  Steam  Coal.    (Very  little  now  made.) 
Blast  Furnace  Coal.     Smith's  Forge  Coal.     (Very 

little  now  made.) 
Domestic  Furnace  Coal. 

Domestic  Range  Coal. 

Domestic  Furnace  Coal. 
Steam  Boiler  Coal. 

a                  a               it 

CC                         <(                     (( 

In  1916  the  standard  sizes  of  anthracite  were  changed  and  a  reduc- 
tion made  in  the  number.^ 


*The  Coal  Trade  Journal,  November  14,  1914. 
tBlack  Diamond,   February  20,   1915. 
tCoal  Age,  March  6.  1915. 
flCoal  Age,  p.  839,  May  13,  1916. 
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TABLE   15. 
Standard  Sizes  of  Bituminous  Coal. 


(  Oklahoma.  ) 


Diameter  of  Round  Perforations 
in  the  Shaker  Screen  Used 

Name  of  Size 

Through,  inches 

Over,  inches 

Screened  Nut 

2% 

iy4 

2y2 
iy4 

Slack    

In  the  anthracite  districts  of  Pennsylvania  the  commercial  sizes 
given  in  Table  14  arc  produced,*  and  the  standardized  sizes  adopted 
by  the  producers  in  the  Oklahoma  bituminous  fields  are  given  in 
Table  15.  This  standardization  has  been  in  force  since  about  1912, 
and  is  used  at  practically  all  mines  in  Oklahoma,  irrespective  of 
district  or  seam.  Five  sizes  cover  the  entire  range  of  these  bitu- 
minous coals.  They  are  probably  somewhat  softer  than  Illinois 
coals  and,  with  the  exception  of  one  seam,  are  non-coking.  It  has 
proved  satisfactory  to  both  producers  and  consumers. 

A  committee  on  standard  form  of  contract  covering  purchase 
of  railroad  fuel  reported  in  favor  of  a  standard  for  bituminous  coal 
as  follows:!     ($ee  Table  16.) 

TABLE  16. 
Standard  Sizes  of  Bituminous  Coal  for  Railroads. 


Kind  of  Coal 

Screen  Made  Over 

Screen  Made  Through 

Round 
Inches 

Square 
Inches 

Bar 

Inches 

Round 
Inches 

Square 
Inches 

Bar 
Inches 

Pea  

Pea  

Pea  

Pea  

Nut 

Egg 

Egg 

Lump   

Lump    

Pea   Run 

Nut  Run 

7"  Round  Egg  Run 

Vz 

iy4 

2% 
3% 

7 

?/s 

4 

iy4 

2 

2y2 

7 
6 

i% 

2y2 

7 

iy 
iy 

i 

...   or 
...   or 
...   or 

...   or 
...   or 
...   or 

5    (not  less 

than) 

*Paul  Sterling,  "The  Preparation  of  Anthracite."     T.  A.  I.  M.  E.,  Vol.  42, 
1911,  p.  264. 

fProc.  5th  Annual  Convent.,  Int.  Rwy.  Fuel  Assoc.  1913,  p.  31. 
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Mine  Run  Coal  shall  not  contain  more  than  30  per  cent  screen- 
ings through  1-inch  diamond  bar  screen,  but  shall  contain  more 
than  30  per  cent  of  5-inch  bar  screen  lump  or  more  than  40  per 
cent  of  7-inch  round  hole  screen  lump. 

The  recommendations  also  included  the  use  of  relief  screens  to 
prevent  overcrowding  of  the  fine  screens,  and  specified  a  minimum 
area  for  screens  making  the  different  sizes.  Although  favored  by 
the  convention  in  question  the  provisions  have  not  been  adopted  by 
the  railroads. 

"In  1903  the  operators  in  Williamson  county,  Illinois,  adopted 
the  following  standard  of  sizes  for  washed  coal.  The  numbers  used 
refer  to  screens  with  round  perforations."*  This  standardization 
has  not  been  maintained  in  all  cases. 


Designation 

No.  1 

No.  2 

No.  3 

No.  4 

No.  5 


Through 


Over 


3       in. 

1%  in. 
1       in. 

%  in. 

y4  in. 


1% 

in. 

1 

in. 

% 

in. 

v* 

in. 

Standardization  means  little  to  the  small  consumer,  whose 
aggregate  consumption,  however,  forms  a  considerable  percentage 
of  the  coal  produced.  The  general  ignorance  on  this  subject  is  well 
brought  out  in  a  report  of  a  committee  of  the  Boston  Chamber  of 
Commerce  on  Buying  and  General  Handling  of  Steam  Coal  (Novem- 
ber, 1909),  wherein  it  is  stated  that  of  225  manufacturing  firms  using 
steam  coal,  25  per  cent  did  not  even  know  the  particular  kind  of 
coal  they  were  using. 

The  recent  trend  of  public  opinion  towards  some  form  of 
standardization  for  coal  is  significant.  In  1913  the  United  Improve- 
ment Association  of  Boston  voted  to  present  three  bills  to  the 
legislature : 

(1)  To  establish  a  standard  of  quality  for  coal  sold  for  domestic 
purposes. 

(2)  To  establish  a  standard  for  sizes  of  meshes  in  sieves  used 
in  screening  coal  sold  for  domestic  purposes. 

(3)  To  require  that  a  list  of  prices  and  notices  of  change  of  the 
same  be  filed  with  the  state  police. 

Requirements  for  Standardization. — In  considering  the  standard- 
ization of  Illinois  coal  several  viewpoints  may  be  taken:  (1)  That  of 
the  producer,  who  desires  to  make  only  the  largest  percentage  of  the 
sizes  of  greatest  market  value.  (2)  That  of  the  dealer  who  must 
furnish  the   coal   which   customers   demand   and   are  accustomed   to. 


*C.  S.  McGovney,  "Tests  of  Washed  Grades  of  Illinois  Coal."     Bui.  No. 
39,    Engineering    Experiment   Station,   University    of    Illinois. 
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(3)  That  of  the  fuel  agent,  or  purchaser  for  the  larger  consumers, 
who  generally  wants  the  most  heat  units  for  a  dollar.  (4)  That  of  the 
consumer,  each  class  of  whom,  for  various  reasons,  demands  a  differ- 
ent fuel.  It  would  appear  that  his  viewpoint  must  be  the  final  judg- 
ment as  to  what  coal  may  be  produced. 

Consumers  of  Illinois  coal  maybe  subdivided  into  seven  groups 
as  follows : 

(1)  Railroads  using  coal  for  locomotives. 

(2)  Stationary  power  plants  in  which  coal  is  used  to  produce 
steam. 

(3)  Domestic,  retail,  or  household  users. 

(4)  Large  heating  plants  (as  brick  kilns  and  metallurgical 
plants). 

(5)  Those  using  pulverized  coal.  (Generally  as  a  fuel  for 
cement  kilns  and  for  certain  metallurgical  purposes.) 

(6)  Coke  oven  operators.  (Ovens  operated  primarily  for  manu- 
facture of  metallurgical  coke.) 

(7)  Gas  Manufacturers  using  (a)  gas  producers  for  power 
purposes,  and  (b)  retorts. 

Many  consumers  in  the  last  four  classes  obtain  their  coal  from 
mines  operated  for  their  particular  demand,  or  if  buying  in  the 
general  market  they  consume  only  a  small  fraction  of  the  total 
production ;  therefore,  they  will  not  be  given  detailed  considera- 
tion. Pulverization  (5)  has  been  referred  to  (p.  105).  It  is  note- 
worthy that  recently  considerable  Illinois  coal  has  been  used  to 
produce  metallurgical  coke  in  the  by-product  ovens  in  northern 
Illinois  and  Indiana,  25  per  cent  and  even  more  of  the  high  volatile 
coal  of  Illinois  having  been  mixed  with  low  volatile  eastern  coals 
with  success.  Low  ash  and  sulphur  contents  are  the  prerequisites 
for  the  coal  used  for  this  purpose,  and  since  the  coal  is  crushed  to 
54  inch  and  smaller  before  using,  size  is  of  minor  importance. 

The  first  three  classes  noted — railroads,  power  plants,  and 
domestic  users — enter  most  strongly  into  the  general  market,  the  rail- 
roads alone  buying  18  per  cent  of  the  total  production  of  Illinois  coal 
in  1914.*  There  is  doubt  that  these  three  users,  with  their  widely 
varying  demands,  can  be  satisfied  with  the  same  coal. 

Railroad  Fuel  for  Locomotive  Use. — The  railroads  have  and  can 
use  almost  any  size  of  fuel  produced  in  Illinois  today.  The  type  of 
locomotive,  class  of  service,  grate  and  fire  box  design,  draft  and 
load  (whether  light  or  heavy)  may  render  one  size  of  fuel  more 
efficient  than  another.  Ease  of  firing,  kind  of  fuel  to  which  the 
fireman  is  accustomed,  desire  to  assist  a  mine  being  served  by  the 
railroad,  and  relative  price  converted  into  ton  miles  under  the  con- 
ditions imposed,  also  influence  the  sizing  or  lack  of  sizing  favored. 

♦Illinois  Coal  Report,  1914. 
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It  has  been  stated  that  Illinois  run  of  mine  coal  under  present 
conditions  is  the  most  economical  coal  per  ton  mile  obtainable.* 

The  sizes  listed  on  p.  103  as  railroad  fuel  are  the  ones  fre- 
quently used,  although  a  number  of  companies,  considering  the 
difference  in  price,  prefer  run  of  mine ;  and  recently  the  automatic 
stoker,  burning  the  lower  priced  screenings,  has  been  successfully 
introduced  for  this  work.  Most  authorities  agree  that  the  ideal 
fuel  for  hand  fired  locomotives  would  be  one  with  lumps  of  a  maxi- 
mum size  of  from  3  to  5  inches, t  which  would  allow  the  fireman  to 
shovel  without  taking  his  time  to  break  lumps  ;  and  of  a  minimum 
size  of  about  Yz  inch,  wrhich  would  lessen  losses  through  the  grates 
and  prevent  the  draft  drawing  the  fine  fuel  out  of  the  stack.  Large 
lumps  generally  necessitate  breaking  in  the  railroad  chutes  or 
coaling  stations. 

From  the  standpoint  of  absolute  efficiency,  a  number  of  rail- 
road tests  made  with  run  of  mine  vs.  variously  sized  coals,  do  not 
show  conclusively  that  it  is  cheaper  to  use  a  closely  sized  fuel  for 
this  work. 

Domestic,  Retail,  or  Household  Fuel. — Individual  fuel  users  burn 
only  a  few  tons  per  year  and  usually  buy  the  size  of  fuel  recom- 
mended by  their  dealer  as  best  suited  to  their  needs.  The  standard 
domestic  fuel,  anthracite,  is  sized  closely,  and  until  recently  most 
stoves  and  heating  furnaces  were  designed  for  this  fuel ;  conse- 
quently a  domestic  bituminous  coal,  to  sell  well,  should  resemble 
anthracite  in  appearance.  Absence  of  dirt  and  dust  are  important 
factors  which  make  closely  sized  fuel  a  favorite.  In  discussing  this 
subject,  J.  D.  Rogers  states  that  in  grading  a  bituminous  coal  for 
domestic  use  three  points  must  be  noted :  (a)  absence  of  slack  in 
the  prepared  grades,  (b)  absence  of  impurities  in  all  grades,  and 
(c)  uniformity  of  size  of  the  smaller  grades. $  For  interstate  ship- 
ments designed  for  house  heating  furnaces,  or  for  threshing  engine 
boilers  and  similar  uses,  where  the  coal  must  be  handled  several  times, 
often  with  excessive  breakage,  it  seems  essential  that  a  large  lump 
should  be  shipped.  Many  householders  favor  a  sized  coal  because 
it  is  said  to  sustain  better  a  mild,  steady  combustion. 

Tests  by  J.  M.  Snodgrassff  conducted  for  the  Engineering  Experi- 
ment Station  of  the  University  of  Illinois,  have  shown  that  with 
Illinois  coal  as  a  fuel,  water  can  be  evaporated  in  house  heating 
boilers  at  about  50  per  cent  of  the  fuel  cost  of  anthracite,  and  at 
about  75  per  cent  of  the  fuel  cost  of  Pocahontas  coal  or  coke.  The 
relative  worth  of  the  different  sizes  in  use  for  this  purpose  is  not 
discussed. 


*Proc.  International  Rwy.  Fuel  Assoc,  2nd  Annual  Convention,  p.  88. 
fProc.  International  Rwy.  Fuel  Assoc,  2nd  Annual  Convention,  pp.  19  and  21. 
^''Preparation  of  a  Domestic  Coal."     Kentucky  Mining  Institute,  December, 
1912. 

UProc  Illinois  Fuel  Conference,  Urbana,  111.,  1909. 
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Whatever  the  comparative  effective  heating  power  of  unsized  vs. 
sized  coal  for  domestic  trade,  it  is  outweighed  by  appearance,  freedom 
from  dust  and  cleanliness  in  handling  of  the  prepared  sizes.  These 
demands  must  be  met  by  the  producers  furnishing  this  trade. 

Stationary  Power  Plants  Using  Coal  to  Produce  Steam. — The 
selection  of  coal  for  steam  boilers  depends  on  five  things ;  namely, 
(a)  relative  price  per  ton,  (b)  total  heating  value,  (c)  relative  per- 
centage of  the  heating  value  that  can  be  utilized  in  the  boiler  (d)  max- 
imum capacity  which  may  be  developed  in  the  boiler,  and  (e)  cost  of 
handling  different  coals  and  the  ashes  produced  by  them.* 

The  results  obtained  by  this  selection  depend  in  turn  on:  (a)  the 
nature  and  condition  of  the  coal,  (b)  character  of  the  furnace,  and 
(c)   conditions  of  firing  and  furnace  control. t 

Effect  of  Size  of  Fuel. — The  great  number  of  variables  thus  intro- 
duced into  any  boiler  test  have  tended  somewhat  to  obscure  the  effects 
of  sizing  or  of  the  range  of  sizes  to  be  used  under  any  particular 
condition.  Regarding  sizes  of  Illinois  coal  for  a  steam  boiler  fuel 
the  following  data  are  available. 

"Tests  made  with  different  sizes  were  negative  in  results,  and 
emphasize  the  statement — that  the  study  of  the  effects  of  the  various 
elements  of  size  of  coal  has  not  been  made  in  sufficient  detail. "% 

"The  size  of  coal  influences  the  capacity  of  any  given  equipment 
owing  to  its  effect  on  the  draft.  .  .  .  When  dust  and  fine  coal  are 
fed  into  the  furnace  they  either  check  the  flow  of  air  or  are  taken 
up  by  the  draft  and  after  being  only  partly  burned  are  deposited  back 
of  the  bridge  walls.  .  .  .  Coal  of  uniform  size  forms  the  most  satis- 
factory fuel,  as  it  does  not  pack  so  closely  as  coal  of  different  sizes 
mixed.  The  furnace  design  may  be  changed  to  suit  the  coal  in  view."ff 
In  the  same  bulletin  (p.  6)  it  is  stated  that  almost  any  fuel  may  be 
burned  with  reasonable  efficiency  in  a  properly  designed  apparatus. 

L.  P.  Breckenridge  states,  "When  coal  fed  into  a  furnace  is  fairly 
uniform  in  size  it  is  much  easier  to  burn  it  without  smoke  than  when 
it  is  of  different  sizes.  .  .  .  Just  to  what  extent  it  will  pay  to  size 
coal  for  regular  use  is  not  yet  clear."**  Still  another  investigator 
states,  "The  size  of  the  interstices  between  the  coal  particles  increases 
with  the  size  of  the  coal  particles.  Consequently  with  lower  grades 
(meaning  smaller  sizes)  of  uniform  coal  a  large  proportion  of  the 
total  air  passes  through  the  fuel  bed.  .  .  .  For  each  size  a  depth  of 
fuel  bed  will  be  found  for  which  a  minimum  excess  (of  air)  occurs. "ft 


*Colliery  Engineer,  Vol.  19,  p.  64. 

tColliery  Engineer,  Vol.  10,  p.  114. 

%\J.  S.  G.  S.,  Bui.  No.  325,  p.  49. 

UU.  S.  G.  S.,  Bui.  No.  428,  p.  8. 

**"How  to  Burn  Illinois  Coal  Without  Smoke."  University  of  Illinois, 
Engineering  h.xperiment  Station,  Bui.  No.   15,  p.  43. 

ttC  S.  McGovney,  "Tests  of  Washed  Grades  of  Illinois  Coal."  University 
of  Illinois,  Engineering  Experiment  Station,  Bsl.  No.  39,  p.  55. 
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In  general  none  of  the  references  quoted  give  information  specific 
enough  to  aid  the  operator  of  a  hand  fired  stationary  grate  power 
plant  in  choosing  among  a  variety  of  roughly  or  more  closely  sized 
coal.  Such  a  consumer  demands  a  coal  large  enough  to  avoid  losses 
through  the  grate  and  to  burn  freely  under  the  weak  draft  conditions 
existing  in  these  plants.  The  tendency  of  fines  to  produce  smoke  may 
be  an  added  factor,  although  "any  fuel  may  be  burned  economically 
and  without  smoke  if  it  is  mixed  with  the  proper  amount  of  air  and 
at  the  proper  temperature."* 

The  ordinary  coal  sold  for  this  purpose  is  steam  lump  with  more 
or  less  screenings  removed  as  demanded.  Certain  types  of  automatic 
stokers  also  are  run  with  such  lump  coal. 

Use  of  Screenings. — Most  of  the  automatic  stokers  in  power  plants 
using  Illinois  coal  today  are  designed  for  burning  the  sizes  of  coal 
under  two  inches,  usually  raw  screenings.  A  favorite  type  is  the 
chain  grate  stoker.  In  1914  Illinois  mines  produced  19,740,000  tons 
of  screenings  size,  or  32.5  per  cent  of  their  coal  output,  and  although 
considerable  of  this  was  rescreened,  a  larger  part  was  burned  in  auto- 
matic stoker  boiler  plants  for  the  generation  of  steam.  At  the  power 
houses  of  one  public  service  corporation  in  Chicago,  over  1,500,000  tons 
of  coal  were  burned  in  1914.  This  was  mostly  Illinois  screenings,  the 
cost  of  which  represented  about  three- fourths  of  the  total  cost  of  each 
kilowatt  of  electricity  generated. 

"During  the  past  twenty  years  the  price  of  screenings  has  risen 
from  practically  nothing  to  a  figure  that  in  1913  threatened  for  a 
time  to  make  possible  the  crushing  of  larger  prepared  sizes  for  use 
in  this  work."f  Normally,  however,  screenings  are  of  lower  value. 
Considerable  success  has  been  attained  by  rescreening  this  raw  product, 
the  average  circular  price  of  the  different  sizes  so  produced  being 
higher  than  that  of  the  raw  screenings.  A  market  for  these  sizes  must 
necessarily  be  limited  and  unable  to  absorb  the  major  tonnage  of  the 
raw  screenings,  unless  some  such  separation  is  proved  to  be  of  added 
benefit  in  those  sizes  used  in  automatic  stoker  steam  plants. 

Because  of  this  great  production  and  market  any  proposed  stand- 
ardization of  coal  sizes  should  take  into  account  the  following  ques- 
tions :  What  size  of  screenings,  if  any,  is  best  adapted  for  chain  grate 
work?  Will  1*4 -inch  or  2-inch  or  even  some  larger  or  smaller  sizes 
or  range  of  sizes  give  the  coal  for  the  most  economic  combustion? 
Other  factors  being  equal,  2-inch  screenings  bring  a  higher  price  than 
1  ^4-inch.  Is  this  justified?  Another  point  concerns  the  occurrence, 
distribution,  and  effect  of  the  ash  and  impurities  in  the  various  sizes 
of  screenings.  Unlike  many  eastern  bituminous  coals,  Illinois  screen- 
ings are  uniformly  higher  in  ash  than  the  larger  sizes  of  coal  and  are 
not  available  for  coking  purposes,  which  throws  practically  the  entire 
output  into  the  steam  trade. 


*University  of  Illinois,  Engineering  Experiment  Station,  Bui.  No.  15,  p.  16. 
p.  16. 

tH.  W.  Weeks,  Black  Diamond,  March  20,  1915,  p.  233. 
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Mr.  H.  W.  Weeks,  in  discussing  the  general  subject,  says  of 
the  standard  1^4-inch  screenings,  "Screenings  of  this  size  are  not 
satisfactory  when  used  on  many  different  kinds  of  equipment,  the 
nature  and  amount  of  the  load  having  an  important  bearing  on  their 
efficient  use."*  On  the  whole  he  favors  larger  screenings  than  these, 
especially  if  heavy  loads  are  frequent. 

To  show  the  general  effect  of  size  on  the  efficiency  with  which 
Illinois  screenings  can  be  burned,  the  following  are  quoted:  "Coals 
ranging  in  size  from  l/^  inch  to  l/2  inch  burn  much  more  rapidly 
than  either  very  small  or  very  large  sizes. "t  (They  must  therefore 
give  a  greater  capacity  for  any  given  equipment.)  "Many  Illinois 
screenings  contain  40  per  cent  or  over  of  material  under  %  inch."! 
"A  coal  with  evaporative  efficiency  of  66  per  cent  when  10  per  cent  of 
it  is  under  %  inch  diameter,  will  give  an  efficiency  of  only  62  per 
cent  when  60  per  cent  of  it  is  under  l/i  inch  in  diameter.''^  "Small 
sizes  of  coal  burned  with  less  smoke  than  large  sizes,  but  developed 
lower  capacities  ;"§  however,  "31  tests  on  coal  with  an  average  diameter 
of  0.39  inches  give  an  average  efficiency  of  66.88  per  cent  and  53 
tests  on  coal  with  an  average  diameter  of  1.46  inches  give  an  average 
of  65.97  per  cent."** 

A.  P.  Kratz  made  a  number  of  boiler  tests  with  1^4 -inch  round 
hole  Illinois  screenings  from  which  the  following  is  abstracted.! t  In 
test  No.  6  using  1^4 -inch  screenings  of  which  19.6  per  cent  were 
smaller  than  %-inch  round  hole  opening,  the  overall  efficiency  of  the 
boiler  was  68.09  per  cent;  while  in  test  No.  8,  with  50.5  per  cent 
passing  the  ^-inch  screen,  the  overall  efficiency  was  61.08  per  cent. 
He  states  (personal  interview)  that  draft  and  thickness  of  fuel  bed 
are  factors  in  high  efficiency  as  well  as  any  particular  sizing  of  the  coal. 

Recent  specifications  frequently  limit  the  amount  of  the  screen- 
ings under  %  inch  in  diameter,  one  examined  limiting  the  amount  to 
40  per  cent. 

Tests  made  by  the  Commonwealth  Edison  Company  of  Chicago 
in  1906  %X  show  that  for  their  chain  gate  stoker  work  with  a  constant 
thickness  of  fire,  maximum  efficiency  was  obtained  when  using  sized 
coal  of  an  average  diameter  of  Y^  inch,  and  that  especially  below 
this  size  efficiency  decreases  rapidly  and  is  very  low  for  screenings 
under  %.  inch  in  size.     This  view  has  been  somewhat  modified  since 

*"Influence  of  Size  on  the  Cost  of  Making  Steam."    Black  Diamond,  March 
20,  1915,  p.  233. 

tU.  S.  G.  S.,  Bui.  325,  p.   176. 

tU.  S.G.  S.,Bul.  290   (Tables). 

^University  of   Illinois,   Engineering   Experiment    Station,   Circular   No.   3, 
p.  37. 

§U.  S.  G.  S.,  Bui.  373,  p.  10. 
**U.  S.  G.  S.,  Bui.  373,  p.  148,  Table  37. 

tt"A  Study  of  Boiler  Losses,"  University  of  Illinois,  Engineering  Experi- 
ment Station,  Bui.  No.  78. 

$JW.  L.  Abbott,  "Some  Characteristics  Of  Coal  as  Affecting  Performance 
with  Steam  Boilers."    J.  W.  S.  E.,  Vol.  11,  1906. 
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that  time.  Recently  the  above  company  have  conducted  a  great  num- 
ber of  boiler  tests  with  Illinois  screenings  to  ascertain  among  other 
points  the  size  or  combination  of  sizes  best  adapted  for  their  work. 
Through  the  courtesy  of  W.  L.  Abbott,  Chief  Operating  Engineer 
of  the  company,  the  writer  was  able  to  examine  the  results  of  many 
of  these  tests,  which  throw  considerable  new  light  on  the  whole  sub- 
ject of  screenings.    They  point  towards  the  following  conclusions : 

(1)  There  is  a  great  difference  in  ash  content  among  the  various 
raw  screenings  produced  in  Illinois  today,  car  samples  received  show- 
ing a  minimum  of  10.1  per  cent  and  a  maximum  of  29.7  per  cent, 
with  an  average  of  17.4  per  cent  for  thirty-two  samples  examined  (dry 
basis). 

(2)  Screenings  made  through  the  same  size  of  screen  and  coming 
from  different  mines  or  even  from  the  same  mine  at  different  times 
show  great  differences  in  the  percentages  of  relatively  coarse  and  fine 
coal  contained.  Certain  cars  showed  as  much  as  50  per  cent  and 
others  as  little  as  17.8  per  cent  of  coal  under  34-inch  round  hole  in 
size.  A  large  percentage  of  this  fine  coal  in  screenings  greatly  lowers 
the  efficiency  of  the  boiler  under  test. 

(3)  The  company  has  placed  a  maximum  limit  to  the  amount  of 
screenings  they  will  buy  of  55  per  cent  under  54  inch  in  size.  With 
such  material,  combustion  is  slow  because  the  air  will  not  go  through 
it.  Most  of  the  trouble  comes  from  the  part  of  this  fine  material 
which  is  smaller  than  ]/%  inch  in  size.  There  is  no  objection  to  pieces 
of  y%  inch  size. 

(4)  Three  per  cent  moisture  added  to  screenings  containing  high 
duff  greatly  aids  combustion. 

(5)  By  removing  all  material  below  }i  inch  from  an  Illinois 
screenings  in  one  test  the  engineers  were  able  to  raise  the  furnace 
temperature  from  2,500°  F.  to  2,800°  F. 

(6)  On  the  other  hand,  coal  sized  with  an  entire  absence  of  the 
sizes  under  54  mcn  does  not  show  increased  efficiency,  probably  due 
to  difficulty  in  securing  uniform  air  admission.  The  engineers  report 
crushing  an  egg  coal  to  stoker  sizes  and  obtaining  indifferent  results 
because  of  a  lack  of  a  certain  necessary  amount  of  fine  material. 
Ten  per  cent  of  the  material  under  54  inch  probably  represents  roughly 
a  minimum  desirable. 

(7)  Screenings  with  a  maximum  size  of  1  inch  are  as  efficient 
for  these  conditions  as  larger  sizes. 

Briefly,  the  best  screenings  for  these  and  similar  conditions  are 
those  with  a  maximum  size  of  1  inch  and  containing  a  limited  amount 
only  (15  or  20  per  cent)  of  sizes  under  54  inch.  (It  is  evident  that 
a  sized  coal  would  produce  this  amount  of  fines  as  a  degradation 
product  if  it  received  two  or  three  handlings  before  being  burned.) 

The  effect  of  a  variation  of  ash  in  the  screenings  is  to  reduce  the 
capacity  and  efficiency  of  the  particular  size  of  coal  slowly  until   15 
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to  20  per  cent  is  reached  and  then  more  rapidly,  until  with  about  40 
per  cent  ash  the  efficiency  of  that  size  of  coal  is  zero.* 

Other  references  state,  "Ash  in  dry  coal  has  little  effect  on 
efficiency  up  to  15  per  cent,  above  this  point  efficiency  drops  rapidly;"! 
and  "overall  efficiency  of  coal  decreases  only  2  to  3  per  cent  until 
ash  content  rises  above  20  per  cent  when  efficiency  falls  rapidly. 
In  general,  ash  increase  of  1  per  cent  causes  a  drop  in  efficiency  of 
about  2  per  cent."$  In  other  cases  this  was  less.  U.  S.  government 
specifications  for  coal  also  recognize  the  greater  decrease  in  efficiency 
with  an  increase  of  ash  than  would  be  expected  by  the  actual  decrease 
in  combustible  matter  shown  by  such  added  percentage  of  ash.ft 

Tests  Made  with  Illinois  Screenings  at  the  Mining  Laboratory  of 
the  University  of  Illinois. — Believing  that  ash  and  possibly  sulphur 
were  unevenly  distributed  among  the  various  small  sizes  of  coal  which 
compose  Illinois  screenings,  and  that  the  location  of  certain  sizes  con- 
taining uniformly  a  high  percentage  of  ash  might  be  of  assistance  in 
solving  the  problem  of  how  to  make  screenings  more  valuable,  tests 
were  undertaken  in  the  Mining  Laboratory  of  the  University  of 
Illinois.  It  was  thought  that  screening  tests,  followed  by  analysis  of 
the  separate  sizes,  might  reveal  sizes  the  removal  of  which  might  pay 
both  operator  and  consumer  if  cost,  freight,  and  comparative  boiler 
efficiency  were  considered.    An  outline  of  these  tests  follows : 

(1)  Requests  were  sent  to  ten  mines  in  the  state,  asking  that  a 
barrel  of  screenings  be  collected  from  under  the  tipple  at  random 
during  loading  and  be  shipped  to  the  laboratory.  The  mines  were 
chosen  with  a  view  of  representing  all  the  seams  mined  in  the  state 
and  widely  separated  districts. 

Such  a  sample  in  no  way  represents  an  average  of  the  screenings 
being  made  at  any  of  the  mines,  and  does  not  reflect  on  or  bring  credit 
to  any  mine  or  district.  It  was  believed,  however,  that  such  samples 
would  give  a  preliminary  guide  as  to  the  relative  percentages  present 
in  the  different  sizes,  how  impurities  occurred  in  the  screenings,  and 
a  hint  as  to  their  possible  removal. 

(2)  In  any  set  of  sizing  tests  a  standard  set  of  screens  must  be 
chosen.  Unfortunately  many  sizing  tests  are  made  with  no  idea  of 
uniformity  in  the  succession  of  screens  used,  either  regarding  shape 
or  relative  sizes  of  the  holes.  The  round  hole  screens  were  adopted 
in  each  case  as  conforming  to  the  usual  commercial  conditions.  A 
1-inch  diameter  hole  was  taken  as  a  standard,  and  with  screens  below 
this  size,  a  ratio  of  Y>  was  used ;  thus  the  diameter  of  each  hole  is 
y2  the  diameter  of  the  hole  of  next  greater  size.  The  screens  used 
were  1  inch,  Yz  inch,  %  inch,  and  ^8  inch  in  diameters.  For  sizes 
above  an  inch  a  2-inch  screen  would  be  the  next  in  the  ratio ;  this 
was  used  when  the  size  of  the  screenings  tested  warranted  it,  but 


*W.  L.  Abbott,  Jour.  West.   Soc.  Eng.,  Vol.   11,   1906. 

tU.  S.  G.  S.  Bui.  325,  p.  176. 

$U.  S.  G.  S.,  p.  38. 

1TU.  S.G.  S.  Bui.  339.  p.  13. 
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since  some  of  the  screenings  were  of  smaller  size,  as  1%  inch,  this 
size  of  intermediate  screen  was  also  used. 

(3)  Upon  receipt,  the  whole  barrel  of  screenings  was  carefully 
weighed,  sampled,  and  a  portion  saved  for  analysis. 

(4)  Another  portion  was  subjected  to  a  float  and  sink  test  to 
determine  the  relative  amounts  of  high  grade  and  low  grade  coal 
present.  In  this  test  a  solution  was  brought  up  to  a  specific  gravity 
of  1.35  by  the  additions  of  zinc  chloride.  A  representative  lot  of  the 
screenings  was  stirred  into  the  solution,  the  light  weight  purer  coal 

Original  Sample. 
Cone    and    Quarter 


i 

Cone    and   Quarter 


y2 


Standard   Screening   Test 


y2 

(Original  Sample 
for   Analysis) 


Sink  and  Float  Test 

Specific  Gravity 

Solution   1.35 


Float 
(Analysis) 


Sink 

(Analysis) 


Percentage  on     on 

on 

on 

on 

on 

through 

2-in.            1%-in. 

1-in. 

i/2-in. 

y4-in. 

Vs-in. 

Ys-in. 

(Analysis)    (Analysis)    (Analysis)    (Analysis)    (Analysis)    (Analysis)   (Analysis) 


FIGURE  26.     OUTLINE  OF  WORK.     SCREENINGS  INVESTIGATION. 


floating,  and  the  heavier  bone  coal  and  refuse  sinking.  The  two 
products  were  carefully  separated  and  analysed.  The  results  appear 
in  the  tests  under  the  heading  "Float  and  Sink  Tests."  These  results 
are  relative  only,  as  another  standard  of  specific  gravity  of  the  test 
solution  would  produce  different  results. 

(5)  Half  of  the  original  sample  was  carefully  screened  in  suc- 
cession through  the  standard  set  of  screens  mentioned  under  (2), 
effort  being  made  to  prevent  breakage. 

Fig.  26  shows  an  outline  of  the  work  just  described. 
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As  received,  the  eleven  samples  varied  in  ash  from  6.72  to  24.88 
per  cent  and  in  sulphur  from  0.90  per  cent  to  7.16  per  cent.  The  float 
and  sink  tests  show  that  the  greatest  part  of  the  screenings  is  a  rather 
pure  coal  of  from  4.22  to  8.74  per  cent  ash  and  of  low  sulphur,  and 
that  on  the  average  23.2  per  cent  of  the  screenings  is  represented  by  a 
separable  coal  having  an  average  ash  content  of  36  per  cent  and 
correspondingly  high  sulphur. 

Test  (1)  was  made  with  a  1-inch  bar  screenings,  the  other  tests 
were  upon  screenings  through  round  holes  of  the  sizes  indicated. 
When  test  (1)  was  subjected  to  screening  on  round  hole  screens,  23.5 
per  cent  of  the  material  was  over  1  inch,  showing  the  relatively  large 
coal  produced  by  bar  screens.  The  presence  of  1.47  per  cent  of  coal 
on  a  2-inch  round  hole  in  this  test,  and  an  ash  content  of  49.2  per  cent 
and  sulphur  of  10.78  per  cent  show  how  these  impurities,  by  breaking 
into  flat  pieces,  pass  a  bar  screen  when  they  would  not  pass  a  round 
hole  screen. 

The  largest  amount  of  coal  under  y^  inch  was  in  test  (4),  the 
total  being  30.1  per  cent.  The  largest  amount  of  dust  under  %  inch 
occurred  in  test  (5),  21  per  cent,  and  this  test  had  an  average  ash 
content  of  17.81  per  cent  or  40  per  cent  more  than  the  coarsest  sizes 
in  the  same  screenings. 

In  every  test  excepting  (1)  the  largest  sizes  of  the  screenings 
show  the  least  ash ;  this  ash  increases  slightly  until  the  dust  coal  under 
%  inch  is  reached,  when  it  shows  in  every  case  a  decided  increase, 
tending  to  confirm  the  opinion  that  the  universal  high  ash  content  of 
this  finest  coal  may  be  one  cause  of  its  low  efficiency.  In  test  (1) 
this  fine  material  had  an  ash  content  of  40.9  per  cent,  enough  to 
render  it  practically  useless  as  an  efficient  fuel.  Several  others  show 
striking  increases  measured  on  a  percentage  basis. 

Contrary  to  the  usual  opinion,  sulphur  showed  no  increase  in  the 
fine  sizes ;  a  decrease  even  being  noted  in  several  cases.  This  tends 
towards  the  opinion  that  a  large  percentage  of  the  separable  sulphur 
is  contained  in  the  lump  or  ball  form  rather  than  in  the  brittle  leaf 
form  as  is  the  case  in  many  coals. 

Regarding  moisture,  the  results  were  irregular,  and  for  this  reason 
they  are  not  included  in  the  table.  This  may  have  been  partly  due  to 
working  with  considerable  quantities  of  the  samples  in  a  steam  heated 
laboratory.  It  is  significant,  however,  that  in  no  case  did  the  moisture 
vary  greatly  among  the  different  sizes  or  show  any  tendency  to  increase 
in  the  finer  sizes. 

The  percentage  of  the  total  ash  was  obtained  by  multiplying  per 
cent  weight  by  per  cent  ash.  It  shows  the  percentage  of  the  total  ash 
in  the  screenings  in  any  particular  size.  As  an  illustration,  in  test  (1) 
18.7  per  cent  of  the  screenings  which  passed  %  inch,  contained  over 
32  per  cent  of  the  total  ash. 

Calculated  on  an  efficiency  basis,  if  the  screenings  in  tests  (Is), 
(2),  and  (11)  were  to  stand  any  considerable  freight  rate,  there  is 
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no  doubt  that  the  removal  of  the  material  under  %  inch  would  prove 
of  benefit  to  producer  and  consumer  alike. 

Resume. — This  chapter  leads  to  the  conclusion  that  Illinois  coal  is 
badly  in  need  of  some  standardization.  As  a  possible  guide,  the 
essential  differences  of  Illinois  coal  compared  to  certain  others  have 
been  mentioned,  and  relative  sizing  has  been  discussed.  It  seems 
possible  that  the  different  markets,  with  their  own  needs,  customs, 
and  prejudices  may  always  require  particular  coals.  Furnace  efficiency 
and  relative  price  of  any  particular  size  will  influence  the  final  decision. 
It  is  to  be  regretted  that  in  most  boiler  tests  so  many  other  variables 
have  obscured  the  effect  of  sizing  the  various  coals. 

In  regard  to  screenings,  it  has  been  shown  that  in  the  few  tests 
available  this  important  and  often  neglected  product  has  a  surprising 
individuality  among  its  own  sizes.  So  far  as  its  standardization  is 
concerned,  further  investigation  is  necessary  before  fixing  a  definite 
size  or  range  of  sizes.  Its  efficiency  when  sized  may  have  a  close 
relationship  to  the  ash  content  of  any  sizes  removed. 
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Statistics.     Illinois   Production,   Ann.   Coal  Reports  of   Illinois,   1882-1914.     In- 
cluded in  Reports  of  Bureau  of  Labor  Statistics,   1882-1911.     Historical — 
Annual   Coal  Reports  as  above,  especially  1886,  p.  549;   1888,  p.  331;   1891, 
p.  47 ;  1904,  p.  3. 
"Story  of  American  Coals."    Nicolls,  Jasper,  1904. 

Strikes,    Causes   of  at   Illinois    Coal   Mines.      111.   State   Board   of    Arbitration, 
Reports  for  1895,  '96,  '97,  and  '98. 

U.  S.  Industrial  Commission,  Vol.  12,  pp.  672-701. 

Description  of  Tipples  at  Illinois  Coal  Mines 
(Partial  List) 

Burnwell   Co.,   Plant,   Montgomery   County.     Coal  Age,  Vol.   2,  July  13,   1912, 
p.  38. 

Capital  Coal  Co.,   Plant,  Springfield.     Mueller,  F.  E.     Coal  Age,  Vol.   1,  Nov. 
25,  1911,  p.  202. 

Chicago,   Wilmington  &  Franklin,   Plant,  Orient     Coal  Age,  Vol.   5,  Apr.   18, 
1914,  p.  638. 

Coal  Valley  Mining  Co.,   Plant,  Mathersville.     Sholz,  Carl.     Rock  Island  Em- 
ployees Magazine,  Nov.  1914. 
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Consolidation   Coal    Co.,   Mine   No.    17,   Collinsville.     Smith,   C.    H.     Mines   & 

Minerals,  Vol.  26,  1907,  p.  16. 
Consolidation  Coal  Co.,  Coal  Fields  of.     Black  Diamond,  Oct.  5,  1912,  p.  40. 
Consolidation  Coal  Co.,  Mines  No.  6,  Staunton.     Eng.  &  Mining  Journal,  Vol. 

03,   1897,  p.    139. 
Dering  Coal  Co.,  V\  estville.    "Coal  Mining  in  Eastern  Illinois,"  Parsons,  F.  W. 

Eng.  &  Mining  Journal,  Vol.  83,  1907,  p.  336. 
General 

"Construction  of  Colliery  Plants,"  Hyde,  M.  L.  Coal  Age,  Vol.  5,  Mar. 
21,  1914. 

"Franklin  County  Coal  Preparation,"  Hall,  R.  D.  Coal  Age,  Vol.  3,  May 
10,  1913,  p.  719. 

"Franklin  County  Field,"   Black  Diamond,   Aug.  31,   1912,  p.  20. 

"The  Illinois  Coal  Field,"  Rice,  G.  S.  Mining  Magazine,  Vol.  11,  1905, 
p.   237. 

"Modern  Steel  Tipple  Design,"  Garcia,  J.  A.  Coal  &  Coke  Operator,  May 
29,  1913,  p.  97. 

"Preparation  of  Bituminous  Coal,"  Brackett,  F.  E.  Coal  Age,  Vol.  3, 
Jan.  18,  1913,  p.  92. 

"Practice  in  Northeastern  Illinois,"   Mines  &  Minerals,  Vol.  20,  1899-1900, 
p.  106;  Vol.  21,  1900,  p.  145. 
Illinois  Midland  Co.   (Peabody  Coal  Co.)      Plant  at  Sherman.     Peltier,  M.  F. 

Eng.  &  Mining  Journal,  Vol.  82,  1906,  p.  1212. 
Kingston   Coal   Mines,    Peoria  County.     Richardson,   C.   S.     Mining   Magazine, 

Vol.  4,   1902,  p.  379. 
Longvvall  Plant  in  Illinois.     Dalzell,   S.  M.     Coal  &   Coke  Operator,   May  15, 

1913,  p.  51. 
Longwall   Field   Preparation   described.     Johnson,   J.     T.  A.  I.  M.  E.,  Vol.  3, 

p.  188. 
Madison  Coal  Co.,  Divernon  Plant.    Rutledge,  J.  J.    Mines  &  Minerals,  Vol.  22, 

1901,  p.  198. 

"Mine  No.  9,  Williamson  Co."  Taylor,  James.  Coal  Age,  Vol.  4,  1913, 
p.  640. 

Surface  plant  of.     Colliery  Engineer,  Oct.  16,  1914,  p.  831. 
"Marcus    Screening    and    Picking    Table."      Coal    Age,    Vol.    3,    May    3,    1913, 

p.  668. 
O'Gara  Coal  Co.,  Saline  County,  Plant  Described.     "A  Day's  Work  at  a  Coal 

Mine,"  Black  Diamond,  June  27,  1914,  p.  559. 
Old  Ben  Mining  Corporation,  Franklin  County.    "Dry  Cleaning  Process,"  Black 

Diamond,  Aug.  3,  1912,  p.  18. 

"Preparation  of  Coal,"  Buchanan,  Gordon.     Coal  Age,  Vol.  3,  Nov.  20,  1913, 
p.  750. 
Open  Cut  Mine  Plants 

Eng.&  Mining  Jour.,  Vol.  62,  1896,  p.  537;  Vol.  63,  1897,  p.  165. 

Missionfield  Strippings,  Mining  &  Eng.  World,  Jan.  13,  1912,  p.  59. 

Danville,  Black  Diamond,  Jan.  27,  1912,  p.  20. 
Peabody  Coal  Co. 

"Description  of  Various  Mines  and  Plants  of  the  Company  in  Illinois," 
Black  Diamond,  Sept.  19,  1914;  Sept.  26,  1914;  Oct.  3,  1914;  Oct.  10, 
1914;  Oct.  17,  1914;  Oct.  24,  1914. 

"No.  3  Marion  Mine,"  near  Marion.  Pelthier,  M.  F.  Coal  Age,  Vol.  1, 
Mar.  16,  1912,  p.  732. 

"Mine  No.  10,"  Nakomis.    Coal  Age,  Vol.  3,  June  21,  1913,  p.  956. 
"Royal  Colliery  at  Virden."     Black  Diamond,  March  27,  1915,  p.  276. 
"Saline  Coal  Co.,  No.  3  Mine."     Cartlidge,  Oscar.     Colliery  Engineer,  Vol.  33, 

Feb.,  1912,  p.  390. 
"Saline  Coal  Co.,  Mine  B."     Mines  &  Minerals.  Vol.  28,  1907,  p.  97. 
"Spring  Valley  Coal  Co.,  Plant  at  Shaft  5."    Dinsmore,  A.     Mines  &  Minerals, 

Vol.  22,  Feb.,  1902,  p.  289. 


128  ILLINOIS   ENGINEERING   EXPERIMENT    STATION 

"Spring  Valley  Coal  Co.,  Improvements  at  Plant."    Ede,  J.  A.    T.  A,  I.  M.  E., 

Voi.  29,  1899,  p.  187. 
"St.  Louis  &  O'Fallon   Co.,  Mine   No.  2."     Mines  &  Minerals,   Vol.  26,    1905, 

p.  481. 
"United  Coal  Mining  Co.,   Plant  at  Mine  No.  2,   Buckner,   Franklin   County." 

Modderwell,  C.  M. 

Coal  Age,  Vol.  3,  May  17,  1913. 

Roberts,  W.  and  Cartlidge,  O.     Mines  &  Minerals,  Vol.  33,   1912,  p.   121. 

Articles  Relating  to  Impurities 
Foreign  Coal  Seams 

England.     Boulton,  W.  S.     "Practical  Coal  Mining,"  Vol.  3,  p.  315.     Gallo- 
way, W.     "Lectures  on  Mining,"   Subject  8,  p.  2. 
France.      Callon,  J.     "Cours   d'Exploitation   des   Mines,"   Texte  3,   p.    152. 
Soc.  Min.  Ind.,  Vol.  17,  p.  384. 
General 

Black  Diamond,  Editorial,  Feb.  1,  1913. 

"Coal  Impurities."     Grooves  and  Thorp,  Chemical  Technology,  Vol.  1. 
"Technical   Problems  in   Coal   Preparation."     Jour.   Indus.  &   Eng.     Chem.. 
Jan.,   1913,  p.  68. 
Illinois  Coal  Seams,  in 
Andros,  S.  O. 

Co-operative  Investigations.     Bulletins   on   Illinois   Coal   Mining   Prac- 
tices, Nos.  1,  2,  4,  5,  6,  7,  8,  9  and  12. 
Bement,  A. 

Jour.  West.  Soc.  Eng.,  June,  1909. 
Coal  Age,  Aug.  17,  1912,  p.  218. 
Black  Diamond,  June  27,  1914,  p.  53. 
Moorshead,  A.  J.     Colliery  Engineer,  Vol.  34,  1914,  p.  435. 
Inspection  for 

McAuliffe,    E.      Proc.    4th   Ann.    Convent.    Int.    Rwy.    Fuel    Assoc,    1912. 
p.  280. 
Inspection  Standards 

Op.  Cit.  5th  Ann.  Convent.,  1913,  p.  28. 
Introduction  of 

Coleman,   W.  R.     1st  Proc.  Int.  Rwy.  Fuel   Assoc,  p.  22. 
Microscopic   Examination  of 

Jeffrey,  E.  C.     "Economic  Geology."     Vol.  9,  1914,  p.  734. 
Lomax,  James.    Trans.  Inst.  Min.  Eng.,  Vol.  42,  p.  2. 
Moisture 

Parr,  S.  W.    Bui.  No.  16,  111.  State  Geol.  Survey. 

Wheeler,  W.  F.     "The  Weathering  of  Coal,"  Bui.  No.  38,  Eng.  Exp.  Sta., 
U.  of  I. 
Mother  of  Coal 

Savage,  T.  E.    Journal  of  Geology,  Vol.  22,  No.  8. 
Oxygen 

White,  David    "The  Origin  of  Coal,"  Bui.  No.  38,  U.  S.  Bureau  of  Mines. 
Removal  of 

Roberts,  W.  R.     Black  Diamond,  Nov.  30,   1912. 

"In  Sampling."    Fieldner,  A.  C.    Technical  Paper  No.  76,  U.  S.  Bureau  of 
Mines. 
Railroad  Fuel 

Hall,   C.  G.     Personal  Communication. 

Hamson,  J.  S.     Proc.  4th  Ann.  Conv.  Int.  Rwy.  Fuel  Assoc,  1912,  p.  275. 
Hitt,  J.  E.    Op.  Cit.,  p.  262. 

Landon,  W.  B.     Op.  Cit,  5th  Ann.  Convent,   1913. 
Relation  to  Specific  Gravity 

Nebel,    M.    L      "Specific   Gravity   Studies   of   Illinois    Coal,"   Bui.   No.   89, 
Eng.  Exp.  Sta.,  U.  of  I. 
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Standard  Amount  Allowed  in  Anthracite  Preparation 

Sterling,    Paul    "The    Preparation    of    Anthracite,"    T.    A.    I.    M.    E.,    Vol. 
42,  1911.  p.  757. 
"Sulphur"  (Pyrite) 

Parr,  S.  W.     Bui.  No.  16,  111.  State  Geol.  Survey. 

Phillips,  W.  B.     Coal  Age,  Vol.  2,  1912,  p.  111. 

Wadleigh.  F.  R.    Coal  Age,  Vol.  1,  1912,  p.  1206. 
Washing  Illinois  Coal,  in 

Lincoln,  F.  C.     Bui.  No.  69,  Eng.  Exp.  Sta.,  U.  of  I.,  p.  12. 

Articles  Relating  to  Breakage  of  Coal 

"Arkansas  Coal."     Finney,  J.   F.     1911   Proc.  Amer.   Mining  Cong.,  p.  233. 

Perdue,  A.  H.     1911  Proc.  Amer.  Mining  Cong.,  p.  227. 

Steel,  A.  A.    Proc.  Third  Ann.  Conv.  Internat.  Ry.  Fuel  Assoc,  1911,  p.  56. 
"Box   Cars,   Coal    In."     Rutledge,   J.   J.     Mining  Magazine,    Mar.   1906. 
"Briquets."     U.  S.  Geol.  Survey,  Bui.  No.  332,  p.  44. 
"Belt  Conveyors,  On."     Coal  Age,  Vol.  1,  p.  323. 
"Canadian  Coals."     Porter,  J.  B.  and  others.     "The  Coals  of  Canada,"  Vol.  1, 

p.  195. 
"Coal  Cars."     Coal  Age,  Vol.  6,  p.  672. 

"Coal  Cars,  Loading  Coal  in."     St.  Louis  &  San  Francisco  R.  R.  Bulletin,  1914. 
"Coal   Cars,  Transfer  of  Coal    In."     Kinnev,   H.   C.     American   Coal  Journal, 

Dec.  5,  1914. 
Coal.    Louis,  Henry  "The  Dressing  of  Minerals,"  p.  8. 
Coke.    U.  S.  Bureau  of  Mines,  Technical  Paper  No.  50. 
"Dropping  Tests  with  Coal."     Black  Diamond,  Julv  12,  1913,  p.  16. 
"Illinois  Coal."     Parr.  S.  W.     111.  State  Geol.  Survey,  Bui.  No.  16,  p.  225. 
Laws.     Richards,  R.  H.    "Text  Book  of  Ore  Dressing,"  p.  167. 
Laws.     Rittinger,  P.  R.  von.     "Lehrbuch  der  Aufbereitungskunde,"  p.  19. 
Mining  Coal 

Andros,  S.  O.     Co-operative  Investigations,  Buls.  Nos.  4  and  8   (general), 
No.  5,  p.  40;  No.  6,  p.  23:  No.  2.  p.  34;  No.  13,  p.  115. 

Ede.   J.    A.     "Spring   Valley   Coal   Mines,"    Trans.    A.    I.    M.    E.,    Vol   29, 
p.  187. 

Moorshead,  A.  J.     Proceedings  of  Illinois  Mining  Institute,   1913. 

Undercutting — Mines  and   Minerals,  Vol.  29,  p.  397. 

Rice.  G.  S.    "The  Explosibility  of  Coal  Dust,"  U.  S.  Bureau  of  Mines,  Bui. 
20,  p.  35. 

"Permissible  Explosives,"  U.  S.  Bureau  of  Mines,  Bui.  No.  10,  p.  17. 
Preparation,  in 

Gillott,  Inst,  of  C.  E.  of  London,  Vol.  127,  p.  177. 

Reef.  A.  J.     Coal  Age.  Vol.  2,  p.  829. 

Rogers.    T.  D.     Kentuckv  Mining  Institute,  Dec,   1912. 

Thym,  B.  S.     Coal  Age  Vol.  2.  p.  248. 
"Railroad   Coaling   Stations."     H^rdy,   J.   W.      Proc.   5th   Ann.   Conv.   Internat. 

Rwy.  Fuel  Assoc.   1913,  p.  257. 
"Screening."    Engineering  &  Mining  Journal,  Vol.  83,  p.  339. 
Shipment  of  Coal 

Illinois  No.  7  Seam.  Eng.  &  Min.  Jour.,  Vol.  63,  p.  165. 

Mines  &  Minerals,  Vol.  25.  p.  23. 

Records,  Interstate  Joint  Conf.,  Philadelphia.   Pa.,  Feb.  10-16.  1914,  p.  914. 

Stelkens,    M.      Internat.    Navigation    Cong.,    1902.      Reprint    in    Amer.    Gas 
Lieht  Jour..  August  4,  1902. 
Storage.     Norris.   A.  V.     "The   Storage  of   Anthracite."     Trans.   A.   T.   M.   E., 

Vol.  42.  n.  439. 
Suegestions  for  Reducing.    Black  Diamond.  Aug.  29,  1914,  p.  165. 
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Articles  Relating  to  Sizing  and  Sizes  of  Illinois  Coal 
Advantages  of 

Malcolmson,  C.  T.    "Briquetted  Coal."    Proc.  1st  Ann.  Convent.  Inter.  Rwy. 
Fuel  Assoc,   1909. 
Ash,  in 

Abbott,  W.  L.     (See  under  Results  of  Sizing.) 
U.  S.  Geol.  Survey,  Bui.  No.  325,  pp.  38  and  176. 
U.  S.  Geol.  Survey,  Bui.  No.  339,  p.  13. 
Definition  of  Terms 

Editorial,  Black  Diamond,  May  11,  1912. 
General 

"Coal   Analysis   and    Sizing,"   Colliery   Guardian,   Vol.    105,    May  21,   1913, 
p.  907. 
Market  Demands  for 

Editorial,  Black  Diamond,  Oct.  10,  1914. 
Necessity  for 

Callon,  J.     "Cours  d'Exploitation  des  Mines,"  Texte  3,  p.  153. 
Powdered  Coal 

Proc.  Amer.    Soc.   Mech.  Eng.,  Oct.  1914. 
Practice  in 

Black  Diamond,  Mar.  8,  1913;  Dec.  5,  1914. 
Dalzell,  S.  M.     Coal  &  Coke  Operator,  May  15,  1913,  p.  51. 
Mineral  Industry,  Vol.  14,  p.  639. 

Stoek,    H.    H.     "The   Mechanical    Preparation    of    Coal,"    Proc.   2nd   Ann. 
Convent.  Int.  Rwy.  Fuel  Assoc,   1910. 
Requirements  of 

Rogers,  J.  D.     "Preparation  of  a  Domestic  Coal,"  Kentucky  Mining  Insti- 
tute, Dec,   1912. 
Results  of 

Abbott,  W.  L.     "Some  Characteristics  of   Coal   as   Affecting  Performance 

with  Steam  Boilers,"  Jour.  West.  Soc.  Eng.,  Vol.  11,  1906. 
Bement,  A.     "The  Coal  Problem  Analyzed,"  Power,  Vol.  33,  Apr.  25,  1911, 

p.  628. 
Breckenridse,   L.  P.     "How  to   Burn   Illinois   Coal   Without  Smoke,"  Bui. 

No.  15,  Eng.  Exp.  Sta..  U.  of  I.,  p.  16  and  p.  43. 
Int.  Rwy.  Fuel  Assoc,  2nd  Ann.  Proc,  1910,  pp.  19,  21  and  28. 
Kratz,    A.    P.     "A    Study    of    Boiler    Losses,"    Bui.    No.    78,    Eng.    Exp.    Sta., 
U.  of  I. 
McGovney,  C.  S.     "Tests  of  Washed  Grades  of   Illinois  Coal."     Bui.  No. 

39,  Eng.  Exp.  Sta.,  U.  of  I.,  p.  55. 
Snodsrass,    J.    M.     "Illinois1   Coals    as    a    Domestic    Fuel,"      Proc.    Illinois 
Fuel    Conference,   Urbana,    Illinois,    1909.     111.   Geol.    Survev,   Bui.    14, 
p.  362. 
U.  S.  Geol.  Survey,  Bui.  No.  325.  p.  49;  Bui.  No.  428,  p.  8. 
Weeks,  H.  W.    "Influences  of  Size  on  Cost  of  Making  Steam,"  Black  Dia- 
mond, March  20,   1915,  p.  233. 
Screens  in 

Eng.  &  Min.  Jour..  Vol.  99.  March  13.  1915.  p.  493. 
Louis,   Henry     "The  Dressing  of   Minerals,"  p.   12. 
Selection  of 

Colliery  Engineer,  Vol.  9,  1889,  p.  114;  Vol.  19,  1899,  p.  64. 
Standardization  in 

Black  Diamond,  Feb.  20,  1915. 

Coal  Age.  Vol.  7,  March  6.  1915. 

Coal  Trade  Tournal,  Nov.  14.  1914. 

Lincoln,  F.   C.     "Coal  Washing  in   Illinois,"   Bui.  No.  69,  Eng.  Exp.   Stat., 

U.  of  I. 
Sterling,  Paul  "The  Preparation  of  Anthracite,"  T.  A.  I.  M.  E.,  Vol.  42, 
1911.  p.  749. 
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190ABUNlne  available^15  °f  RelnforCed  Concrete  Beams,  by  Arthur  N.  Talbot 
available!^  *°"   1     Hign-Speed  To01   Steels>  ^  L.  P.  Breckenridge.     1905.     None 
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N.  ffi8t"lMi.*  P*nEfiveIS$&OTC*d  C°nCrete  Beams'  Series  of  1905-  ^  Arthur 

owfBaS  *&4  Sass?  of  Tubes  to  ColIapse' by  Albert  p- carman  and  m-  l. 

tfo^XKfobte?"  6"     Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber.     1906. 

Bulletin  No.  7.     Fuel   Tests  with  Illinois   Coals,   by  L    P    Breckenridge    a    W 
Parr    and  Henry  B.  Dirks.     1906.     None  available  arecKenndge,   S.   W. 

1906*' K  iS2,«Sw.Test8  of  Concrete:  *•  Shear':  n«  Bond- by  Arthur  N-  Tal«ot. 

Bulletin  No^  9.     An   Extension   of  the  Dewey  Decimal   Svstem  of  Olas^ifirntinr. 

of  4«s>jaA.  jsws???^.1?^?^^  Concrete  coiumns-  series 

Bulletin   No     11.      The   Effect   of   Scale   on   the   Transmission   of  Heat   Through 
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Arth??W«IS-A90^8V»fa2?a«^d  C°nCrete  T"BeamS'  SeHeS  °f  1906'  b* 
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N.  TiZT\^.\olra%°aha%%nf°TCed  ConCrete  BeamS'  ^  °f  "o£#S8fe 
ridge?""*??.  WWW2Tig,ni  Imn0iS  C°al  WUh0Ut  Sm°ke'  by  L-  R  BreCken" 
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SPECIFIC  GRAVITY  STUDIES  OF  ILLINOIS  COAL 


I.    Introduction. 


The  specific  gravity  of  coal,  especially  of  high  moisture  bituminous 
coal,  such  as  is  found  in  Illinois,  is  not  a  fixed  value.  Coals  of  different 
types  may  have  characteristically  different  specific  gravities,  and  it  is 
equally  true  that  coals  of  the  same  type  vary  greatly  in  specific  gravity. 

The  object  of  this  bulletin  is  to  present  the  results  of  a  study  of  (1) 
the  effect  of  moisture  upon  the  specific  gravity  of  coal,  and  (2)  the 
methods  of  determining  the  specific  gravity  of  coal.  The  commercial 
aspects  of  the  problem  are  discussed,  and  values  are  given  for  the  specific 
gravity  of  coal  from  many  of  the  mining  districts  of  the  State  of  Illinois. 
The  specific  gravity  of  bright  and  dull  coal  is  also  considered. 

The  investigation  was  carried  on  under  the  direction  of  Professor 
H.  H.  Stoek  of  the  University  of  Illinois,  who  suggested  the  problem 
and  whose  advice  and  criticism  were  of  great  value.  Experiments  were 
conducted  in  the  laboratories  of  the  Department  of  Mining  Engineering 
of  the  University  of  Illinois,  and  field  trips  were  made  to  the  Vermilion 
county  coal  field,  where  samples  of  coal  were  collected  from  a  number  of 
mines.  Other  samples  were  obtained  from  various  sources.  The  author 
is  indebted  to  Professor  E.  A.  Holbrook  of  the  Department  of  Mining 
Engineering  of  the  University  of  Illinois  for  assistance  in  securing  sam- 
ples of  coal  and  for  valuable  suggestions  and  criticisms  during  the  prog- 
ress of  the  work;  and  also  to  Professor  S.  W.  Parr  of  the  Department 
of  Chemistry  of  the  University  of  Illinois,  and  Mr.  Fred  H.  Kay,  of 
the  Illinois  State  Geological  Survey,  for  advice. 

II.     Specific  Gravity  of  Coal  as  Affected  by  Its  Ash  and 
Moisture  Contents. 

The  chief  factors  which  affect  the  specific  gravity  of  coal,  aside  from 
difference  in  type,  are  (a)  the  amount  of  impurities,  and  (b)  the 
amount  of  moisture  present  in  the  coal.     A  high-ash  coal  has  a  greater 
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specific  gravity  than  a  low-ash  coal  of  the  same  type.  In  general,  a  wet 
coal  has  been  found  to  have  a  greater  specific  gravity  than  a  dry  coal 
of  the  same  type.  However,  the  effect  of  moisture  in  varying  propor- 
tions upon  the  specific  gravity  of  coal  is  more  or  less  complicated,  and  it 
is  chiefly  with  this  phase  of  the  subject  that  the  present  bulletin  deals. 
Though  the  effect  of  ash  content  has  long  been  recognized,  apparently 
very  little  study  has  been  made  of  specific  gravity  under  varying  condi- 
tions of  moisture  content.  This  is  probably  because  most  of  the  coals  of 
Europe  and  of  the  eastern  United  States  which  have  been  studied  have 
a  low  moisture  content,  seldom  over  3  or  4  per  cent;  whereas  the  coals 
of  the  Middle  West  may  contain  moisture  as  high  as  15  or  20  per  cent. 

The  ordinary  method  of  determining  the  specific  gravity  of  a  solid, 
such  as  coal,  is  to  weigh  it  in  air,  then  immerse  it  in  water  and  weigh 
it  again,  the  specific  gravity  being  equal  to  the  ratio  of  the  weight  in 
air  to  the  loss  of  weight  in  water.  However,  since  coal  is  porous,  prob- 
ably most  of  the  contained  moisture  is  held  mechanically  in  its  pores. 
When  coal  is  dried  the  moisture  leaves  the  pores,  which  become  filled 
with  air;  if  the  dry  coal  is  placed  in  water,  the  air  in  the  pores  is  dis- 
placed by  the  water,  and  the  coal  becomes  saturated.  Under  such  circum- 
stances the  length  of  time  coal  is  immersed  in  water  before  it  is  weighed 
affects  materially  the  value  obtained  for  the  specific  gravity. 

As  early  as  1892  Eckley  B.  Coxe  recognized  the  effect  of  ash  upon 
the  specific  gravity  of  coal.  In  his  laboratory  at  Drifton,  Pennsylvania, 
in  which  analyses  of  coal  were  made  and  boiler  tests  run,  he  required 
specific  gravity  determinations  to  be  made  of  all  coal  samples.  In  his 
Presidential  Address  before  the  New  England  Cotton  Manufacturers' 
Association  in  1893,  he  said,  "There  seems  to  be  no  doubt  that  there  is  a 
close  relation  between  the  specific  gravity  of  coal  and  its  percentage  of 
ash.  ...  A  careful  study  of  a  great  number  of  analyses  of  coal  and 
determinations  of  specific  gravity  has  led  us  to  believe  that,  although  our 
experiments  are  not  as  yet  absolutely  conclusive,  there  is  a  strong  prob- 
ability that,  for  a  given  size  of  coal  from  the  same  colliery  under  ordinary 
circumstances,  the  determination  of  the  specific  gravity  of  an  average 
sample  will  give  very  nearly  the  same  percentage  of  ash  as  will  be  de- 
termined by  analysis,  although  the  relation  may  not  be  exactly  the  same 
for  different  mines  or  for  different  sizes  of  coal. 

"If  the  specific  gravity  and  percentage  of  ash,  in  any  sample  of 
coal  below  egg  size,  are  known,  the  percentage  of  ash  in  any  other  sample 
of  the  same  coal,  and  from  the  same  colliery,  can  be  satisfactorily  de- 
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termined   (we  are  inclined  to  think)   from  the  specific  gravity  of  that 
sample  by  the  following  formula: 

y'=  y  +  (x  —  x)a,  in  which 
x  =  the  standard  specific  gravity. 
y  =  the  standard  percentage  of  ash, 

x  =  the  specific  gravity  of  coal  determined  by  our  apparatus. 
y  =  the  percentage  of  ash  to  be  determined, 
a  =  a  constant  for  coal  from  same  mine. 
"In  the  Lehigh  region,  for  any  size  of  coal,  we  find  that,  within 
what  may  be  called  the  commercial  limit  of  purity,  an  increase  of  0.01 
in  the  specific  gravity  corresponds  to  about  the  increase  of  l1/^  per  cent 
of  ash;  that  is  to  say,  that  if  coal  of  the  specific  gravity  of  1.54  contained 
8  per  cent  of  ash,  the  same  size  of  coal  from  the  same  mine  when  its 
specific  gravity  was  1.56  would  contain  twice  1%  per  cent  more  ash, 
or  11  per  cent." 

Mr.  Coxe  evidently  neglected  the  effect  of  moisture  upon  the  specific 
gravity.     This  effect  would  not  be  great,  however,  in  the  case  of  the 
low-moisture  anthracite  with  which  he  was  chiefly  concerned.     M.  S. 
Hachita*  has  suggested  that  if  ordinary  coal  be  considered  a  mixture  of 
impurities  with  a  pure  coal  substance,  then  the  specific  gravity  of  the 
mixture  is  equal  to  the  sum  of  the  specific  gravities  of  each  component 
multiplied  by  its  percentage  of  the  total  mixture :  that  is, 
100  gm  —  gpx-\-gi  (100  — a;),  in  which 
gm  =  specific  gravity  of  the  mixture, 
gp  =  specific  gravity  of  the  pure  coal, 
gi  =  specific  gravity  of  the  impurities, 
x  =  per'  cent  of  pure  coal  in  mixture, 
100  —  x  =  per  cent  of  impurities. 
"Float  and  sink"  tests  of  coal  are  very  commonly  made  to  determine 
the  relation  between  the  coal  and  the  shale  and  other  impurities  which 
are  mixed  with  it,  and  to  study  the  possibilities  of  clean   separation. 
Among  the  earliest  of  such  tests  in  this  country  were  those  of  Eckley  B. 
Coxe,  made  in  connection  with  the  work  on  specific  gravity  previously 
referred  to.     The  method  in  general  use  today  is  essentially  the  same  as 
that  used  by  him  twenty-five  years  ago. 

About  1910  the  Department  of  Mines  of  Canada  conducted  an  inves- 
tigation of  Canadian  coals,  including  float  and  sink  tests.     Dr.  J.  B. 
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Porter,  who  was  in  charge  of  the  work,  states  that  the  specific  gravity 
of  pure  bituminous  coal  is  from  1.28  to  1.37.* 

The  Technologic  Branch  of  the  United  States  Geological  Survey 
(now  the  United  States  Bureau  of  Mines),  at  the  St.  Louis  Fuel  Testing 
Plant  in  1904,  carried  on  float  and  sink  tests,  and  with  a  Nicholson 
hydrometer  determined  the  specific  gravity  of  eighty-two  samples  of 
coal.  The  average  value  obtained  for  clean  coal  was  1.29  and  for  "aver- 
age coal"  was  1.34.f 

III.     Terminology  of  Specific  Gravity. 

The  United  States  Bureau  of  Mines,  recognizing  that  coal  is  a  porous 
substance  and  that  the  pores  of  the  coal  may  contain  air  or  moisture  or 
both,  most  of  which  can  be  easily  removed,  takes  this  factor  into  account 
by  determining  two  values  for  the  specific  gravity ;  (a)  the  "apparent"  and 
(b)  the  "true"  or  "real."    These  terms  are  defined  as  follows  4 

The  "apparent"  specific  gravity  is  the  specific  gravity  of  the  coal 
including  the  moisture  or  air  contained  in  its  pores.  In  determining 
this  value  no  correction  is  made  for  moisture  content,  and  care  is  taken 
that  no  air  escapes  from  the  pores  during  the  weighing  of  the  coal  in 
water. 

The  "true"  or  "real"  specific  gravity  is  the  specific  gravity  of  the 
actual  coal  substance  corrected  for  air  and  moisture  content.  In  de- 
termining this  value  the  weight  of  the  moisture  present  is  deducted  from 
the  weight  of  the  coal  and  all  air  is  removed  from  the  pores  of  the  coal 
before  it  is  weighed  in  water.  The  methods  employed  by  the  Bureau  in 
determining  this  value  are  described  on  page  38. 

The  true  specific  gravity  of  coal,  as  thus  defined,  may  be  compared 
to  a  coal  analysis  calculated  to  the  "moisture-free"  or  "dry"  basis.  The 
true  specific  gravity  is  then  merely  the  apparent  specific  gravity  calculated 
to  the  dry  basis. 

Coal  analyses  are  calculated  to  a  dry  basis  because  the  moisture  con- 
tent of  a  given  coal  may  vary  greatly  with  differences  in  the  atmospheric 
conditions  to  which  it  has  been  exposed.  It  is  often  desirable  to  com- 
pare analyses  with  respect  to  the  thermal  or  other  qualities  of  the  coal, 
and  in  order  to  make  such  comparison  accurate,  the  error  introduced 


*J.    B.    Porter   and   R.   J.    Durley,   "An   Investigation   of  the   Coals   of   Canada,"   Vol.    1, 
p.   165,  1912. 
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by  the  variable  moisture  content  must  be  excluded  by  calculating  to  the 
dry  basis. 

In  order  to  obtain  the  true  specific  gravity  it  is  necessary  to  know 
the  moisture  content  of  the  coal;  the  specific  gravity  may  then  be  cal- 
culated by  the  formula : 

W-Wm 

Sp.  Gr.  = .  in  which 

(W-Wm)-W 
W  =  weight  in  air, 
W  =  weight  in  water, 
m  =  percent  of  moisture. 

Since  Wm  is  equal  to  the  weight  of  moisture  present  in  a  lump  of 
coal  of  weight  W,  (W-Wm)  equals  the  weight  of  the  actual  coal  sub- 
stance excluding  the  moisture,  and  (W-Wm)-W  equals  the  weight  of 
the  actual  coal  substance  in  water. 

In  Table  I  values  of  the  true  and  apparent  specific  gravity  of  the 
same  samples  are  compared  for  different  contents  of  moisture.  The 
true  specific  gravity  is  greater,  a  difference  of  from  0.10  to  0.21  being 
recorded. 

Table  1. 

True  and  Apparent  Specific  Gravity  for  Different  Moisture 

Content. 


Sample 
No. 

Moisture 
Per  Cent. 

Specific  Gravity 

Moisture 
Per  Cent 

Specific  Gravity 

Apparent 

True 

Apparent 

True 

138 
141 
144 
147 
150 
154 
156 
159 

4.04 
3.30 
3.07 
3.26 
3.79 
4.85 
4.51 
4.31 

1.23 
1.25 
1.24 
1.24 
1  22 
L21 
1.24 
1.21 

1.35 
1.35 
1.34 
1.40 
1.38 
1.34 
1.37 
1.35 

4.91 
5.06 
5.64 
5.55 
5.01 
5.48 
4.94 
4.62 

1.26 
1.23 
1.24 
1.22 
1.15 
1.24 
1.22 
1.26 

1.38 
1.37 
1.34 
1.40 
1.36 
1.36 
1.36 
1.38 

The  term  "true"  or  "real'''  specific  gravity  is  a  rather  unfortunate 
one,  since  its  use  implies  that  any  other  value  for  the  specific  gravity 
would  be  unreal  or  untrue.  Such  is  not  the  case.  Other  values  are  as 
distinctly  true  or  real  as  the  value  so  termed,  and  each  has  a  practical 
use,  which  may  be  even  more  important  than  that  of  the  so-called  true 
specific  gravity.  For  this  reason  it  is  proposed  that  in  this  bulletin  the 
term  be  replaced  by  the  more  logical  term  "dry  specific  gravity,"  which 
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is  directly  analogous  to  the  "dry"  values  of  fixed  carbon,  ash,  or  B.  t.  u., 
given  in  proximate  analyses  of  coal. 

In  order  to  arrive  at  a  more  accurate  basis  for  the  comparison  of 
the  thermal  quality  of  coals  of  the  Illinois  type,  the  idea  of  recalculation 
of  analyses  has  been  carried  still  further,  and  the  "ash  and  moisture- 
free"  or  "unit-coal"  basis  has  been  developed  by  Parr.*  To  this  end  the 
effect  of  all  of  the  impurities — the  ash  and  sulphur,  as  well  as  the  mois- 
ture— has  been  taken  into  account,  and  Parr  has  shown  that  the  unit 
B.  t.  u.,  determined  by  such  a  calculation,  is  remarkably  constant  for 
the  coal  from  a  given  bed  over  a  considerable  area. 

Since  the  "unit-coal"  basis  of  comparing  analyses  has  been  found 
so  useful,  and  since  the  impurities  in  the  coal  affect  its  specific  gravity 
as  well  as  its  other  properties,  the  analogy-  might  be  carried  still  further 
and  a  "moisture-free"  and  "ash-free"  or  a  "unit-coal"  basis  might  be 
used  for  specific  gravities.  The  specific  gravity  on  such  a  basis  would  be 
called  the  "unit-coal"  or  simply  "unit"  specific  gravity.  Such  a  value 
might  prove  of  considerable  practical  utility  in  comparing  coals. 

Since  there  is  no  term  referring  to  proximate  analyses  of  coal  which 
corresponds  to  the  term  "apparent"  specific  gravity,  and  since  it  fills  a 
very  definite  place,  the  term  will  be  retained  to  designate  the  specific 
gravity  of  coal  without  any  correction  being  made  for  variation  in  mois- 
ture or  ash  content. 

The  term  "fresh"  specific  gravity  is  proposed  to  correspond  to  the 
"fresh"  or  "as-received"  values  of  coal  analyses.  It  designates  the  ap- 
parent specific  gravity  of  the  coal  in  its  fresh  condition;  that  is,  in  the 
condition  in  which  it  exists  in  the  ground — saturated  with  moisture.  It 
is  a  form  of  the  apparent  specific  gravity,  but  it  has  a  very  distinct  usage 
and  is  worthy  of  a  distinct  name. 

Values  of  the  true  and  fresh  specific  gravities  of  the  same  samples 
are  compared  in  Table  2.  In  this  case  the  true  specific  gravity  is  the 
greater  by  an  amount  varying  from  0.02  to  0.07.  The  amount  of  varia- 
tion in  either  case  depends  upon  the  moisture  content  of  the  coal. 


*Eul.  No.  16,  111.  State  Geol.  Survey,  1909,  p.  212. 
Bui.  No.  29,  111.  State  Geol.  Survey,  1914,  p.  40. 
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Table  2. 
Comparison  of  True  and  Fresh  Specific  Gravity. 


Specific 

Gravity 

Sample 

Moisture 
Per  Cent 

No. 

Fresh 

True 

125 

8.37 

1.24 

1.27 

126 

10.24 

1.29 

1  34 

127 

9.10 

1.29 

1.38 

128 

7.93 

1.30 

1.32 

129 

9.04 

1.26 

1.29 

130 

7.75 

1.28 

1.30 

131 

8.27 

1.28 

1.32 

132 

6.79 

1.32 

1.34 

133 

7  5S 

1.26 

1.29 

134 

9.00 

1.29 

1.32 

135 

9.13 

1.32 

1.35 

136 

8.61 

1.26 

1.29 

137 

7.51 

1.30 

1.33 

138 

13.58 

1.31 

1.38 

139 

15.07 

1.27 

1.33 

140 

15.08 

1.29 

1.36 

141 

13.64 

1.30 

1.37 

142 

14.62 

1.28 

1.35 

144 

12.65 

1.28 

1.31 

145 

14.57 

1.28 

1.35 

146 

13.85 

1.28 

1.35 

147 

14.95 

1.27 

1.34 

148 

15.02 

1.32 

1.39 

149 

14.10 

1.29 

1.36 

150 

13.67 

1.32 

1.39 

151 

13.40 

1.27 

1.33 

152 

13.91 

1.30 

1.36 

153 

13.40 

1.29 

1.35 

154 

14.72 

1.30 

1.34 

155 

14.13 

1.31 

1.38 

156 

13.30 

1.31 

1.37 

157 

14.30 

1.31 

1.37 

158 

13  21 

1.29 

1.35 

159 

14  21 

1.31 

1.38 

160 

14  46 

1.30 

1.37 

161 

13  83 

1.30 

1.37 

IV.     Laboratory  Study  of  Specific  Gravity  of  Coal. 


After  trying  out  a  number  of  the  well  known  methods  of  determining 
specific  gravity,  such  as  the  hydrometer,  pyncnometer,  and  Jolly  Balance, 
it  was  agreed  that  the  Jolly  Balance  was  the  form  of  apparatus  best 
adapted  for  carrying  on  the  investigations  contemplated  in  the  present 
research.  A  discussion  of  the  experiments  carried  out  and  a  description 
of  the  various  forms  of  apparatus  used  for  determining  specific  gravity 
will  be  found  in  Appendix  1. 

1.  Specific  Gravity  of  Air-Dry  Coal. — In  studying  the  specific 
gravity  of  air-dry  coal  it  is  necessary  that  all  air  be  removed  from  the 
pores  of  the  coal.  The  chemists  of  the  United  States  Bureau  of  Mines 
accomplish  this  by  boiling  the  coal  about  three  hours  under  a  partial 
vacuum  obtained  by  the  use  of  an  aspirator. 
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When  determining  the  specific  gravity  of  air-dry  coal  by  the  Jolly 
Balance  method,  it  was  noted  that  very  soon  after  the  lumps  were  im- 
mersed in  water,  usually  within  a  minute,  bubbles  of  air  began  to  rise 
through  the  water  and  that  air  continued  to  be  given  off  for  several 
hours.  Two  series  of  experiments  were  conducted  to  study  (a)  the  effect 
of  this  expulsion  of  air  on  the  specific  gravity,  and  (b)  the  length  of  time 
required  for  the  removal  of  all  the  air. 

Experiment  (a) — In  the  first  experiment  to  determine  the  effect  on 
specific  gravity  of  expulsion  of  air  the  apparent  specific  gravity  was  de- 
termined for  seventeen  lumps  from  the  same  sample  of  coal,  lumps  which 
represented  the  average  of  the  sample  being  selected.  The  lumps  were 
immersed  in  water  at  room  temperature  for  three  days,  and  their  weights 
in  water  were  determined  at  the  end  of  1,  2,  3,  4,  5,  15,  20,  24,  48  and  72 
hours.  The  specific  gravity  was  determined  in  each  case  from  the 
formula : 

Wa 

Sp.  Gr.  = ,  in  which 

Wa  -  W 
Wa  =  weight  in  air, 

W  =  weight  in  water. 
The  results  are  shown  graphically  by  the  curve  in  Fig.  1,  which 
represents  the  average  of  the  seventeen  samples  immersed  for  a  period  of 
24  hours.    The  specific  gravity  increased  in  value  as  the  air  was  expelled. 
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Fig.  1. 


Graph  Showing  Effect  on  Specific  Gravity  of  Immersing  Coal  in 
Water  Twenty-four  Hours,  Average  of  Seventeen  Tests. 
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No  appreciable  change  was  noted  after  15  hours,  but  by  the  end  of  24 
hours  the  action  seemed  to  have  been  completed  and  all  of  the  air  to 
have  been  removed  from  the  pores  since  no  further  increase  was  noted 
at  the  end  of  48  and  72  hours. 

Experiment  (b) — As  the  greatest  change  took  place  during  the  first 
two  hours,  other  experiments  were  conducted  to  determine  the  period  of 
change.  Three  lumps  were  treated  as  before,  but  these  were  weighed  at 
the  end  of  15,  30,  45,  60  and  120  minutes.  The  results  are  indicated 
graphically  by  the  curve  in  Fig.  2,  which  represents  the  average  values  for 
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Graph  Showing  Change  in  Specific  Gravity  of  Coal  Immersed  in 
Water  at  Room  Temperature,  Average  of  Three  Tests. 


the  three  lumps.    These  results  show  that  the  greater  part  of  the  change 
took  place  within  one  hour  after  immersion. 

Other  similar  experiments  were  conducted  in  which  two  lumps  of 
coal  were  used.  Each  lump  was  weighed  in  water  at  five-minute  intervals 
for  an  hour,  then  at  the  end  of  two  hours,  and  finally  after  twenty-four 
hours.  The  average  results  for  the  two  lumps  for  the  two-hour  period 
are  shown  graphically  by  the  curve  in  Fig.  3.  There  was  no  material 
change  after  two  hours. 
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These  two  series  of  experiments,  (a)  and  (b),  indicate: 

(1)  That  air-dry  coal  contains  a  considerable  amount  of  air  in 
its  pores. 

( 2 )  That  this  air  may  be  removed  by  immersing  the  coal  in  water, 
and  that  the  specific  gravity  increases  as  the  amount  of  included  air  de- 
creases. 

(3)  That  most  of  this  air  is  displaced  by  water  within  about  an 
hour  after  immersion. 

(4)  That  this  air  is  practically  all  removed  at  the  end  of  twenty- 
four  hours'  immersion. 
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Graph   Showing  Change  in   Specific  Gravity  of  Coal  Immersed  in 
Water  at   Room    Temperature,    Average  of   Two   Tests. 


In  order  to  avoid  delay  in  making  specific  gravity  determinations  it  is 
desirable  to  remove  the  contained  air  as  rapidly  as  possible.  An  increase 
in  the  rate  at  which  the  air  is  displaced  may  be  accomplished  in  several 
ways : 

(1)  By  increasing  the  temperature  of  the  water  in  which  the  coal 
is  immersed  the  density  of  the  air  in  the  pores  of  the  coal  is  decreased, 
and  consequently  its  tendency  to  rise  is  increased  so  that  it  will  be  dis- 
placed more  rapidly  by  the  water. 
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(2)  By  decreasing  the  pressure  on  the  water  and  consequently  on 
the  air  in  the  pores  of  the  coal  by  placing  it  under  a  partial  vacuum,  the 
air  expands  and  its  density  decreases,  hence  it  is  displaced  more  rapidly 
by  the  water. 

(3)  A  combination  of  decrease  of  pressure  and  increase  of  tem- 
perature would  have  a  double  effect  in  increasing  the  rate  at  which  the 
air  is  displaced  by  water.  If  this  combination  is  effected  by  boiling  under 
a  vacuum,  however,  another  factor  must  be  considered ;  namely,  the 
lowering  of  the  boiling  point  of  water  with  decrease  in  pressure.  If  the 
pressure  is  reduced  to  about  20  mm.,  water  will  boil  at  about  room  tem- 
perature, and  the  only  effect  accomplished  is  that  due  to  decrease  in  pres- 
sure. It  is  probably  that  simple  boiling  under  atmospheric  pressure  would 
have  more  effect. 

Experiment  (c) — To  test  the  effect  of  boiling  in  hastening  the  dis- 
placement of  the  air,  the  specific  gravity  of  each  of  a  number  of  samples 
was  determined,  the  weighed  lumps  of  coal  being  boiled  for  about  an  hour 
and  then  weighed  in  water.  The  values  are  compared  in  Table  3  with  the 
values  obtained  for  samples  of  the  same  coal  by  immersing  in  water 
for  twenty-four  hours,  each  value  representing  the  average  of  from  six 
to  eight  determinations  upon  the  same  coal. 

Table  3. 
Effect  of  Boiling  Upon  Removal  of  Air. 


Sample 
No. 

Initial 
Sp.  Gr. 

After  Boiling 
1   Hour 

Immersion  for 
24  Hours 

Per  Cent  Air 
Removed  by- 
Boiling  1  Hour 

9 
15 
42 

1.26 
1.19 
1.28 

1.34 

1.31 
1.32 

1  34 
1  32 
1.32 

100 
92 
100 

Experiment  (d) — In  order  to  compare  the  relative  effects  of  boiling 
and  evacuating  in  hastening  the  displacement  of  the  air  the  specific 
gravities  of  three  samples  were  determined  in  duplicate,  the  weighed 
lumps  of  coal  being  evacuated  in  water  for  about  an  hour  and  then 
weighed  in  water.  The  evacuation  was  accomplished  by  means  of  an 
aspirator,  and  at  the  end  of  an  hour  the  pressure  was  reduced  to  about 
18  mm.  so  that  the  water  was  boiling  at  room  temperature.  The  results 
are  shown  in  Table  4,  determinations  being  made  in  duplicate. 

A  comparison  of  the  results  given   in   Tables  3   and  4  shows  that 
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Table  4. 
Effect  of  Evacuation  and  Immersion  Upon  Eemoval  of  Air. 


Sample 

No. 

Initial 
Sp.  Gr. 

After  Evacuating 
1  Hour 

Immersion  for 
24  Hours 

Per  Cent  Ail 
Removed  by 
Evacuating 

9 
15 
42 

1.23 
1.21 

1.28 

1.31 

1.30 
1  30 

1.34 
1  35 
1.32 

73 
64 
50 

boiling  the  coal  for  one  hour  is  much  more  effective  than  evacuating  it 
for  the  same  length  of  time. 

2.  Specific  Gravity  of  Fresh  Coal. — Experiment  (e) — In  order 
to  study  the  specific  gravity  of  fresh  coal,  samples  were  obtained 
from  fresh  faces  in  several  mines  in  Vermilion  county  from  Coal 
No.  7,  and  in  Montgomery  county,  from  Coal  No.  6.  Each  sample 
contained  about  four  pounds  of  coal,  and  was  obtained  by  quarter- 
ing down  a  large  sample  from  a  cut  across  the  entire  bed.  The 
samples  were  sealed  in  air-tight  cans  and  shipped  to  the  laboratory  in 
which  the  specific  gravity  of  selected  lumps  was  determined.  Care  was 
taken  to  select  only  those  lumps  which  represented  as  nearly  as  possible 
the  average  of  the  entire  sample.  Lumps  which  contained  pyrite  or 
bands  of  shale  were  excluded,  but  both  bright  and  dull  coal  were  used  in 
order  to  get  a  fair  average. 

The  specific  gravity  of  the  fresh  coal  was  determined  with  the  Jolly 
Balance ;  the  lumps  were  then  boiled  for  an  hour  and  the  specific  gravity 
again  similarly  determined.  Instead  of  showing  an  increase  in  weight 
after  boiling,  as  was  characteristic  of  the  air-dry  coal  previously  tested, 
the  lumps  of  fresh  coal,  with  few  exceptions,  showed  no  increase  (see 
Table  5).  This  indicates  that  the  pores  of  fresh  coal  contain  no  air 
and  are  filled  with  moisture.  Since  this  held  true  for  coals  which  differed 
geologically  and  chemically,  and  since  as-received  analyses  of  coal 
always  show  a  considerably  higher  content  of  moisture  than  air-dry  or 
dry  analyses,  the  evidence  seems  strong  that  Illinois  coal  in  the  fresh 
condition  is  saturated  with  moisture.  It  is  probable  that  this  moisture 
is  held  mechanically  in  the  pores  of  the  coal,  since  it  is  given  off  readily 
by  drying  upon  exposure  to  the  air,  and  since  it  can  be  taken  up  again 
in  approximately  the  same  amount  if  the  coal  is  boiled  in  water  for  about 
one  hour  or  simply  immersed  in  water  for  a  greater  length  of  time,  not 
exceeding  twenty-four  hours.     If  further  investigation  confirms  these 
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results  a  method  will  have  been  established  for  comparing  the  specific 
gravities  of  different  coals  under  standard  conditions,  in  which  the 
samples  are  boiled  in  water  for  an  hour  before  determining  the  specific 
gravity.  Although  experiments  (e)  and  (f)  show  the  specific  gravity 
thus  determined  to  be  slightly  above  the  specific  gravity  of  the  fresh  coal, 
it  is  much  closer  than  the  apparent  specific  gravity  as  usually  obtained 
and  near  enough  for  all  practical  purposes. 


Table  5. 
Specific  Gravity  of  Fresh  Coal. 


Danville  Field 

Central  Illinois  Field 

No.  7  Coal 

No.  6  Coal 

Specific 

Gravity 

Specific  Gravity 

Sample 

Sample 

No. 

Before 

After 

No. 

Before 

After 

Boiling 

Boiling 

Boiling 

Boiling 

125 

1.24 

1.24 

138 

1.31 

1.31 

126 

1.29 

1.29 

139 

1.27 

1.27 

127 

1.29 

1.29 

140 

1.29 

1.29 

128 

1.29 

1.30* 

141 

1.30 

1.30 

129 

1.26 

1.26 

142 

1.28 

1.28 

130 

1.27 

1 .  28* 

144 

1.28 

1  28 

131 

1.28 

1.28 

145 

1.28 

1  28 

132 

1.32 

1.32 

146 

1.28 

1.28 

133 

1 .  26 

1.26 

147 

1.27 

1.27 

134 

1.29 

1.29 

148 

1.32 

1.32 

135 

1.32 

1.32 

149 

1.28 

1.29* 

136 

1.26 

1  26 

150 

1.32 

1.32 

137 

1.30 

1.30 

151 

1.27 

1.27 





152 

1.29 

1.30* 

Average 

1.28 

1.28 

153 

1.29 

1.29 

154 

1.30 

1.30 

155 

1.31 

1  31 

156 

1.81 

1.31 

157 

1.31 

1  31 

158 

1.29 

1.29 

159 

1  31 

1.31 

160 

1  30 

1  30 

161 

1.30 

1.30 

Average 

1.29 

1  29 

*In  one  or  two  instances  a  slight  increase  in  weight  was  noted,  which  may  have  been 
due  to  one  or  two  causes;  either  the  sample  was  taken  from  a  portion  of  the  bed  in  which 
the  coal  was  not  perfectly  fresh,  or  the  lumps  had  been  accidentally  permitted  to  dry  a 
trifle  before  being  used. 

3.  Comparison  of  Specific  Gravity  of  Fresh  and  Dry  Coal. — In 
order  to  study  the  effect  of  drying  upon  the  specific  gravity,  portions 
of  a  number  of  the  samples  of  fresh  coal  were  placed  in  shallow  con- 
tainers and  allowed  to  dry  exposed  to  the  air  of  the  laboratory.  The 
pieces  of  coal  ranged  in  size  from  y2  in.  to  2  in.  in  diameter.  The  air 
of  the  laboratory  was  at  a  fairly  constant  temperature  of  about  24° C. 
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Experiment  (f) — The  samples  of  Vermilion  county  coal  were  allowed 
to  dry  for  sixty  days,  and  at  the  end  of  that  time  lumps  were  selected  and 
their  specific  gravities  determined.  In  Table  6  the  values  are  compared 
with  those  obtained  for  the  fresh  coal.  They  show  that  upon  drying, 
the  apparent  specific  gravity  of  the  coal  decreased  considerably,  but  that 
the  specific  gravity  obtained  after  boiling  the  air-dried  coal  showed  an 
increase  over  the  fresh  coal.  This  variation  is  probably  due  to  loss  of 
moisture  during  the  drying. 

Table  6. 

Comparison  of  the  Specific  Gravity  of  Fresh  and  Air-Dry  Coal 
From  Vermilion  County. 


Sample 
No. 

Fresh 

Air-Dry  for  60  Days 

Before 
Boiling* 

After 
Boiling 

Before 
Boiling* 

After 
Boiling 

125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 

Average 

1.24 
1.29 
1.29 
1.29 
1.26 
1.27 
1.28 
1.32 
1.26 
1  29 
1.32 
1.26 
1.30 

1.28 

1.24 
1.29 
1.29 
1.30 
1.26 
1.28 
1.28 
1.32 
1.26 
1.29 
1.32 
1.26 
1.30 

1.28 

1.16 
1.18 
1.22 
1.20 
1.19 
1.18 
1.18 
1.22 
1.16 
1.19 
1.18 
1.16 
1.19 

1.19 

1.26 
1.33 
1.32 
1.32 

1.29 
1.29 
1.29 
1.36 
1.29 
1.31 
1.37 
1.28 
1  34 

1.31 

*These  values  represent  the  apparent   specific   gravity  of  the   coal. 

Experiment  (g) — The  samples  of  coal  from  Montgomery  county 
were  dried  in  the  same  manner  as  those  from  Vermilion  county,  but 
lumps  were  selected  and  their  specific  gravity  determined  at  the  end  of 
four  weeks,  and  again  at  the  end  of  five  weeks.  Moisture  determinations 
were  made  each  time  in  order  that  the  relation  between  the  loss  of 
moisture  and  the  variations  in  specific  gravity  might  be  studied  quantita- 
tively. In  Table  7  the  values  obtained  are  compared  with  those  obtained 
for  fresh  coal. 

These  values  show  that,  as  in  the  case  of  the  Vermilion  county  coal, 
the  specific  gravity  of  the  air-dry  coal  before  boiling  (the  apparent  specific 
gravity)  is  less  than  that  of  the  fresh  coal;  also,  that  the  specific  gravity 
after  boiling  is  more  than  that  of  the  fresh  coal.  In  addition  they  show 
that  the  coal  lost  from  9  to  10  per  cent  of  moisture  during  the  drying. 
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This  Loss  of  moisture  explains  the  high  values  obtained  for  the  spe- 
cific gravity  after  boiling  because,  although  the  loss  of  moisture  causes  a 
decrease  in  the  weight  in  air,  the  weight  in  water  is  approximately  the 
same  whether  the  coal  is  fresh  or  dry.  To  determine  the  latter  point 
the  following  experiment  was  carried  out: 

Experiment  (h) — A  number  <>!'  samples  of  fresh  coal  were  selected 
and  their  specific  gravities  determined.  These  samples  were  put  aside  and 
allowed  to  dry  in  the  air  for  sixty  days,  and  at  the  end  of  that  time  their 
specific  gravities  were  again  determined,  each  lump  being  weighed   in 


Table  7. 

Comparison  of  the  Specific  Gravity  and  Moisture  Content  of 
Fresh  lndAir-Dri  Com.  From  Montgomery  County,  Illinois. 


Air-Dry  Coal 

Four  Weeks 

Five  Weeks 

Sample 

No. 

Specific 

Gravity 

Specific  Gravity 

Specific  Gravity 

Moisture 

Moisture 

Moisture 

Per  Cent 

Before 

After 

Per  Cent 

Before 

After 

Per  Cent 

Before 

After 

Boiling 

Boiling 

Boiling 

Boiling 

Boiling 

Boiling 

138 

13.58 

1.31 

1  31 

4.04 

1  23 

1.33 

4  91 

1.26 

1.37 

141 

13.64 

1.30 

1.30 

3.30 

1  25 

1.33 

5.06 

1.23 

1.34 

144 

12.65 

1.38 

1.28 

3.07 

1.24 

1.33 

5.64 

1.24 

1.31 

147 

14  95 

1.27 

1.27 

3.26 

1.24 

1.37 

5.55 

1.22 

1.36 

150 

13.67 

1.32 

1.32 

3.79 

1 .  22 

1.36 

5.01 

1.21 

1  34 

154 

14.72 

1.30 

1.30 

4.85 

1  21 

1  32 

5.48 

1.24 

1.33 

156 

13.30 

1  31 

1.31 

4  51 

1.24 

1.34 

4.94 

1.22 

1  34 

159 

14  21 

1.31 

1.31 

4.31 

1.21 

1 .  33 

4.62 

1.26 

1  3fi 

Average 

13.84 

1  30 

1.30 

3  89 

1  23 

1  34 

4.90 

1  24 

1  34 

water  before  and  after  boiling.  These  weights,  together  with  the  corre- 
sponding specific  gravities,  are  given  in  Table  8,  which  shows  that  the 
weight  of  the  lumps  in  air  decreased  from  8  to  10  per  cent  after  drying, 
while  the  weight  of  the  lumps  in  water  after  boiling  was  approximately 
the  same  for  the  dry  as  for  the  fresh  coal,  the  average  difference  for  tho 
thirteen  samples  being  only  0.09.  Thus  the  higher  values  for  the  specific 
gravity  after  boiling,  given  in  Tables  6,  7,  and  8,  seem  to  be  the  natural 
consequence  of  the  loss  in  moisture  during  the  drying. 

The  amount  of  moisture  lost  when  fresh  coal  is  exposed  to  the  air 
probably  depends  upon  (a)  the  original  moisture  content,  (b)  the  degree 
of  fineness  of  the  coal,  (c)  the  humidity  of  the  air  in  which  the  coal  is 
exposed,  and  (d)  the  length  of  time  the  coal  is  exposed  to  the  air.    Table 
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7  shows  that  the  moisture  content  was  higher  after  five  weeks'  exposure 
than  after  four  weeks.  This  increase  may  have  been  due  to  the  fact  that 
the  air  was  more  humid  when  the  latter  determinations  were  made,  for 
the  initial  moisture  and  degree  of  fineness  were  about  the  same  for  all 
samples  and  the  moisture  determinations  were  made  in  the  same  manner, 
but  the  moisture  in  the  air  was  not  determined. 

It  was  shown  in  Tables  6  and  7  that  the  apparent  specific  gravity 
of  the  coal  decreased  as  the  coal  dried  out.  This  might  be  explained  by 
the  loss  in  weight  of  the  lumps  due  to  the  loss  of  moisture.    If  a  25-gram 

Table  8. 

The  Effect  of  Drying  Upon  Weight  of  Lumps  of  Coal  in  Air 

and  in  Water. 


Fresh  Coal 

Dry  Coal 

Sample 

Weight 
in 
Air 

Weight 

in 
Water 

Specific 
Gravity 

Weight 
in 
Air 

Before  Bciling 

After  Boiling 

No. 

Weight 

in 
Water 

Specific 
Gravity 

Weight 

in 
Water 

Specific 
Gravity 

125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 

Average 

16.53 
20.23 
19.12 
21.92 
15.13 
20.27 
25.20 
29.61 
20.51 
25.91 
14.98 
25.92 
27.87 

21.78 

3.18 
4.57 
4.32 
5.03 
3.09 
4.40 
5.59 
7.04 
4.22 
5.76 
3.60 
5.38 
6.39 

4.81 

1.24 
1.29 
1.29 
1.30 
1.26 
1.28 
1.28 
1.32 
1.26 
1.29 
1.32 
1.26 
1.30 

1.28 

15.00 
18.51 
17.76 
20.08 
13.80 
18.55 
23.06 
28.56 
18.72 
23.61 
13.32 
23.64 
24.92 

19.96 

1.97 
2.95 
3.16 
3.32 
2.10 
2.78 
3.62 
4.85 
2.58 
3.69 
2.08 
3.26 
4.10 

3.11 

1.15 
1.18 
1.22 
1.20 
1.18 
1.18 
1.18 
1.20 
1.16 
1.19 
1.18 
1.16 
1.19 

1.18 

3.08 
4.53 
4.35 
4.87 
2.95 
4.15 
5.20 
7.08 
4.25 
5.57 
3.60 
5.24 
6.42 

4.72 

1.26 
1.33 
1.32 
1.32 
1.28 
1.29 
1.29 
1.33 
1.29 
1.31 
1.37 
1.28 
1.34 

1.31 

lump  of  fresh  coal  weighs  5  grams  in  water,  it  displaces  25 — 5 — 20 


25  25 

grams  of  water,  and  its  specific  gravity  is  equal  to =  —  =  1.25. 

25  —  5         20 

If  the  same  lump  loses  10  per  cent  of  its  moisture  when  it  dries  out,  its 
weight  in  air  is  decreased  by  10  per  cent  and  is  then  equal  to  25  (1 — 0.10) 
=  22.5  grams.  In  determining  the  apparent  specific  gravity  the  lump 
is  weighed  before  any  water  can  enter  its  pores,  so  that  it  displaces  the 
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same  amount  of  water  as  before,  or  20  grams.    Then,  its  apparent  specific 
gravity  is  equal  to 

22.5 

=  1.125.    Of,  if 

20 

W  —  weight  of  fresh  coal  in  air, 

w  =  weight  of  fresh  coal  in  water, 

St=  specific  gravity  of  fresh  coal, 

L  =  per  cent  loss  of  moisture  during  drying,  and 

Sa,=  apparent  specific  gravity  of  air-dry  coal, 

W  W—WL  W(l-L) 

then  iSf  —  ,  and  S*  = =  

W-w  (W-L)-(w-L)      ■       W-w 

W 

=  St  (1—L)   (since  S(= ). 

W  —  w 

Therefore,  if  the  loss  in  moisture  alone  causes  the  decrease  in  the 
apparent  specific  gravity,  the  value  of  the  latter  for  air-dry  coal  can  be 
easily  calculated,  knowing  the  loss  of  moisture  and  the  specific  gravity 
of  the  fresh  coal.  This  is  a  simple  relation  and  would  prove  of  con- 
siderable practical  value  if  it  could  be  shown  to  accord  with  experimental 
facts.  It  does  not  seem  to  hold  true,  however,  for  the  type  of  coal  used 
in  the  present  investigation.  Values  were  calculated  for  a  number  of 
samples,  according  to  the  above  formula,  and  compared  by  experiment ; 
these  are  given  in  Table  9. 

In  every  case  except  one  (that  of  Sample  150),  the  calculated  values 
are  too  low,  or  in  other  words  the  apparent  specific  gravity  did  not  de- 
crease with  loss  of  moisture  as  much  as  it  should  if  loss  of  moisture  were 
the  only  factor  affecting  this  decrease  in  specific  gravity.  Evidently,  for 
this  type  of  coal  (Illinois  bituminous)  some  other  factor,  or  factors, 
partially  counteracted  the  effect  of  drying  on  the  apparent  specific 
gravity. 

One  factor  which  might  have  an  appreciable  effect  in  this  way  is  that 
of  oxidation.  A  number  of  investigators  have  shown  that  if  coal  is  ex- 
posed to  the  air  for  some  time  it  absorbs  oxygen,  that  oxidation  takes  place 
between  the  absorbed  oxygen  and  some  of  the  light  hydrocarbons  which 
are  present  in  the  coal,  and  that  the  oxidation  is  attended  by  an  appre- 
ciable increase  in  weight.     Sommermeier  noted  an  increase  in  weight 
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from  about  1  per  cent  to  2%  per  cent  for  Illinois  coals  after  from  eight 
to  thirteen  months*  exposure.*  Parr  states  that  one  of  the  principal 
products  of  this  oxidation  is  water,  and  that  all  coal  samples  prepared  for 
laboratory  work,  even  though  kept  in  rubber-stoppered  bottles,  change  in 
moisture  content,  so  that  after  only  a  few  weeks  the  moisture  in  the 
coal  under  these  conditions  will  increase,  sometimes  to  an  extent  of  1 
per  cent  or  iy2  per  cent.t  Hundreds  of  determinations  have  been  made 
in  his  laboratory  showing  such  increase  in  moisture. 

In  whatever  form  the  light  hydrocarbons  existed  in  the  coal,  it  is 
safe  to  conclude  that  if  they  were  replaced  by  an  oxidation  product,  such 

Table  9. 

Comparison    of    Calculated   and   Experimental    Values    of    the 
Apparent  Specific  Gravity. 


Fresh  Coal 

Coal  Dried  4  Weeks 

Coal  Dried  5  Weeks 

Sample 

Apparent  Sp.  Gr. 

Apparent  Sp.  Gr. 

No. 

Per  Cent 
Moisture 

Specific 
Gravity 

Per  Cent 
Moisture 

Per  Cent 
Moisture 

Experi- 

Experi- 

Calculated 

Calculated 

ment 

138 

13.58 

1.31 

4  04 

1.18 

1.23 

4.91 

1.20 

1.26 

141 

13.64 

1.30 

3.30 

1.16 

1.25 

5.06 

1.19 

1.23 

144 

12.65 

1.28 

3.07 

1.16 

1.24 

5.64 

1.18 

1.24 

147 

14.95 

1.27 

3.26 

1.12 

1.24 

5.55 

1.15 

1.22 

150 

13.67 

1.32 

3.79 

1.19 

1.22 

5.01 

1.20 

1.15 

154 

14.72 

1.30 

4.85 

1.16 

1.21 

5.48 

1.17 

1.24 

156 

13.30 

1.31 

4.51 

1.19 

1.24 

4.94 

1.20 

1.22 

159 

14.21 

1.31 

4.31 

1.18 

1.21 

4.62 

1.19 

1.26 

Average 

1.30 

Average 

1.17 

1.23 

Average 

1.19 

1.23 

as  water,  an  increase  in  the  specific  gravity,  as  determined  by  the  boiling 
or  soaking  process,  would  result. 

4.  Special  Method  of  Determining  Fresh  Specific  Gravity. — It  has 
been  shown  that,  in  the  case  of  the  coal  under  consideration,  the  calcula- 
tion of  the  specific  gravity  of  coal  in  the  fresh  condition,  based  upon  tests 
in  the  dry  condition,  or  vice  versa,  is  not  feasible.  It  is  not  always  pos- 
sible to  obtain  fresh  coal  for  specific  gravity  determinations,  since  such 
coal  must  be  taken  directly  from  unaltered  portions  of  the  coal  bed.  It 
would,  however,  be  of  considerable  advantage  to  have  some  method  of 
finding  a  value  which  would  represent  the  specific  gravity  of  coal  in  the 


*Bul.   323,  U.    S.   G.    S.,  p.   22. 
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fresh  condition,  when  only  the  air-dry  coal  or  commercially-dry  coal  is 
available. 

The  experiments  described  previously  suggested  a  simple  method  of 
determining  the  specific  gravity  of  the  fresh  coal  from  samples  of  air-dry 
or  commercial  coal,  such  as  can  be  easily  obtained.  It  has  been  shown  thai 
if  lumps  of  coal  are  soaked  in  water  tor  about  twenty-four  hours  they 
reabsorb  about  the  same  amount  of  water  as  they  lose  in  drying,  and  their 
weight  in  water  is  nearly  the  same  as  when  the  coal  was  fresh.  If  the 
weight  in  water  is  the  same  as  that  of  the  fresh  coal,  the  weight  in  air 
ought  to  he  the  same,  if  care  is  taken  not  to  weigh  any  extra  water  which 
may  cling  to  the  surface  of  the  coal.  If  both  the  weight  in  air  and  in 
water  are  the  same  for  saturated  dry  coal  as  for  fresh  coal,  then  the 
specific  gravities  must  be  the  same. 

Experiment  (i) — In  order  to  ascertain  whether  the  assumption  made 


Table  10. 

Comparison  of  Fresh  Specific  Gravity  Determined  on  Both  Fresh 
and  on  Air-Dry  Coal  Saturated. 


Specific 

Gravity 

Sample 
No. 

Air-Dry  Coal 

Saturated 

140 

1  29 

1.30 

141 

1.30 

1.30 

144 

1.28 

1.29 

147 

1.27 

1  29 

150 

1.32 

1.32 

154 

1.30 

1  31 

156 

1.31 

1.31 

161 

1.30 

1.32 

in  the  preceding  paragraph  is  true,  eight  or  ten  lumps  of  each  of  eight 
samples  of  dry  coal  were  soaked  in  water  until  they  were  saturated  (about 
twenty-four  hours).  At  the  end  of  that  time  they  were  taken  out,  the 
water  adhering  to  the  surface  of  each  lump  was  removed  with  a  cloth  or 
with  filter  paper,  and  the  lumps  were  exposed  to  the  air  for  about  five 
minutes.  They  were  then  weighed  in  air  and  in  water  and  their  specific 
gravity  calculated.  The  values  obtained  in  this  way,  as  given  in  Table 
10,  checked  closely  with  the  values  of  the  specific  gravity  previously  de- 
termined for  the  same  samples  when  the  coal  was  fresh.  Hence,  if  only 
air-dry  coal  is  available,  by  this  method  the  specific  gravity  of  fresh  coal 
can  be  determined  to  a  degree  of  accuracy  sufficient  for  all  practical  pur- 
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poses,  and  the  extent  to  which  the  coal  has  dried  out  will  probably  not 
affect  the  accuracy  of  the  results. 

To  determine  whether  or  not  the  amount  of  water  evaporated  from 
the  coal  by  leaving  it  exposed  to  the  air  before  weighing  would  change  the 
weight  of  the  lump  enough  to  affect  its  specific  gravity  appreciably,  the 
following  experiment  was  carried  out : 

Experiment  (j) — Eight  lumps  of  air-dry  coal  were  soaked  in  water 
until  they  were  saturated,  and  then  were  weighed  in  water.  Each  lump 
was  dried  only  superficially,  and  was  weighed  before  there  was  any  chance 
for  the  moisture  to  evaporate  to  any  extent.  Then,  each  lump  was 
allowed  to  dry  for  fifteen  minutes,  which  gave  ample  opportunity  for 
some  of  the  moisture  to  evaporate,  and  was  again  weighed.  Another 
weighing  was  made  after  the  coal  had  dried  for  an  hour.  As  shown  by 
Table  11  there  was  no  change  in  the  specific  gravity  after  drying  for 
fifteen  minutes,  and  in  only  one  instance  was  there  a  change  after  an 
hour,  and  that  was  very  small.  Since  in  the  general  method  outlined 
above  the  lumps  were  allowed  to  dry  for  only  five  minutes,  it  is  evident 
that  no  error  is  introduced  by  water  adhering  to  the  surface  of  the 
lumps. 

Table  11. 

Effect  Upon  Specific   Gravity  of  Drying  Moist  Lumps  Before 

Weighing. 


Specific   Gravity 

Xo. 

At  Initial 

At  End  of 

At  End  of 

Weighing 

15  Minutes 

1  Hour 

1 

1.33 

1.33 

1.33 

2 

1.35 

1.35 

1.36 

3 

1.30 

1.30 

1.30 

4 

1.30 

1.30 

1.30 

5 

1.35 

1.35 

1.35 

6 

1.29                   1.29 

1.29 

7 

1.30                  1.30 

1.30 

8 

1.29                   1.29 

1.29 

5.  Specific  Gravity  of  Bright  and  Dull  Coal: — Illinois  coal  is 
usually  banded  in  appearance,  consisting  of  alternate  bright  and  dull 
layers.  The  coal  material  consists  of  organic  and  mineral  matter,  and  the 
banded  appearance  is  due  to  the  alternation  of  layers  that  are  an  admix- 
ture of  the  organic  and  mineral  matter  in  different  proportions  and  in 
different  ways. 
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The  organic  matter  of  coal  may  be  divided  into  three  substances  :fl 
(1)  lignitoid  or  glance  coal,  (2)  canneloid  or  matt  coal,  and  (3)  mother 
of  coal  or  mineral  charcoal.  Jeffrey  calls  the  bright  layers  "lignitoid 
coal,"  and  considers  that  it  is  derived  from  woody  material.  He  calls 
the  dull  layers  "canneloid  coal,"  and  considers  that  it  is  derived  largely 
from  plant  spores,  together  with  fragments  of  leaves,  stems,  etc.  Thies- 
sen  §  speaks  of  the  dull  material  as  "debris,"  but  his  conclusions  are 
similar  to  those  of  Jeffrey.  These  conclusions  are  based  upon  the  results 
of  refined  microscopic  study  of  thin  sections  of  coal  from  which  all  mineral 
matter  had  been  removed. 

Table  12. 

Specific  Gravity  of  Bright  and  Dull  Coal. 


Sample 
No. 

Apparent  Specific  Gravity 

Fresh  Specific  Gravity 

Bright  Coal 

Dull  Coal 

Bright  Coal 

Dull  Coal 

401  a 
b 
c 

402  a 
b 
c 

403  a 
b 

c   • 

d 

e 

404  a 
b 

405  a 
b 
c 
d 

1.26 
1.27 

1.30 

1.26 
1.25 

1.15 
1.19 

1.21 

1.22 
1.19 

1.26 
1.26 
1.26 
1.26 

1.31J 
1.31] 

1.56t 

1.421 
1.421 

1.26* 
1.22* 
1.25* 
1.26* 
1.19* 

1.39* 
1.24* 

1.65* 
1.57* 

1   29 
1.29 

1.33 
1.29 
1.29 

1.26 
1.26 
1.26 

1.31 
1.26 

1.28 
1.29 
1.28 
1.28 

1.351 
1.351 
1.57t 

1.451 
1.451 

1.37* 
1.35* 
1 .  35* 
1.37* 
1.32* 

1.48* 
1.31* 

1.67* 
1  59* 

*  =  Banded. 

t  =  Shaly. 

1  =  Homogeneous. 

Coal  which  appears  dull  may,  then,  be  dull  because  it  is  composed 
of  the  material  referred  to  as  canneloid  coal,  or  as  mother  of  coal.  It 
may,  however,  appear  dull  because  of  the  admixture  of  mineral  matter, 
such  as  mud  or  shaly  material,  present  either  in  intimate  mixture  or  as 
thin  layers  or  partings  between  layers  of  organic  material.  It  is  probable 
that  the  dull  appearance  of  many  Illinois  coals  is  due  in  part  to  this 
admixture  of  shaly  material,  as  well  as  to  the  presence  of  the  canneloid 

IE.  C.  Jeffrev.  Economic  Geolosrv.  Vol.   9,   No.   8,   p    741. 
§R.  Thiessen,   Bui.   No.   38,  U.   S.    Bureau   of  Mines. 
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type  of  coal.     The  difference  in  specific  gravity  between  bright  and  dull 
coal  seems  to  indicate  that  this  is  true. 

Experiment  (k) — Specimens  of  bright  and  dull  coal  were  selected  at 
random  from  the  same  sample  and  their  specific  gravity  determined.  The 
bright  specimens  in  each  case  appeared  to  be  homogeneous  with  little  or 
no  admixture  of  dull  or  shaly  material.  The  dull  specimens  in  some  cases 
appeared  homogeneous,  without  distinct  bright  or  shaly  material ;  in 
other  cases  they  were  distinctly  shaly;  and  in  still  other  cases  they  ap- 
peared banded  bright  and  dull,  with  a  predominance  of  dull  bands.     In 


Table  13. 

Eelation  of  Specific  Gravity  of  Bright  and  Dull  Coal  to  Ash 
and  Moisture  Content. 


Sample 

No. 

Fresh 
Sp.  Gr. 

Moisture 
(Air-dry) 

Ash 

Dry  Ash 

401 

BC 
DC 
DS 

1.29 
1.35 

1.57 

5.83 
3.82 
2.06 

2.77 
37.15 
36.65 

2  95 
38  62 
37.42 

402 

BC 
DC 

1.30 
1.45 

6.92 
2.96 

2.94 
42.72 

3  16 
44.02 

403 

BC 
DB 

1.26 
1.35 

5.79 

2.99 

2.70 
11.32 

2.86 
11.67 

404 

BB 
DB 

1.28 
1.40 

6.58 
3  71 

4.21 
34.36 

4.51 
35.69 

405 

BC 
DB 

1.28 
1.63 

5  96 

2.78 

2.65 
27.51 

2.82 
28.29 

BC  =  Bright,   very  clean  coal. 

DC  =  Dull   coal,    bony,    but   not    distinctly    slialy. 

BB  =  Bright  and  banded   in  appearance  with  a   few  dull  streaks. 

DB  =  Dull  and  banded,  with   a  few  bright  streaks. 

DS  =  Dull  and  distinctly  shaly. 

every  case  the  specific  gravity  of  the  dull  coal  was  greater  than  that  of 
the  bright  coal  from  the  same  sample.  The  results  are  shown  in  Table  12. 
In  order  to  study  the  effect  of  admixture  of  impurities  in  dull  coal 
and,  if  possible,  the  relation  between  specific  gravity  and  ash  and  mois- 
ture contents,  determinations  were  made  of  the  ash  and  moisture  contents 
of  the  bright  and  dull  lumps,  of  which  the  specific  gravity  was  determined. 
The  results  of  this  study  are  shown  in  Table  13.  The  most  important 
facts  brought  out  by  these  data  are : 
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(1)  Id  every  case  the  Bpecific  gravity  of  the  dull  coal  was  decidedly 
greater  than  that  of  the  bright. 

(2)  The  ash  content  of  the  dull  coal  was  much  greater  than  that 
of  the  bright  coal. 

(3)  The  moisture  content  of  the  bright  coal  was  in  every  case 
greater  than  that  of  the  dull  coal,  although  all  lumps  had  heen  subjected 
to  about  the  same  conditions. 

These  facts  load  to  the  following  conclusions: 

(1)  Admixture  of  impurities,  especially  of  shaly  material,  is  a 
common  feature  in  the  dull  portions  of  Illinois  coal. 

('•?)  Bright  coal  is  probably  considerably  more  porous  than  dull 
coal,  since  in  the  experiments  made  it  showed  a  uniformly  higher  moisture 
content,  in  spite  of  the  fact  that  it  had  been  exposed  to  the  air  for  the 
same  length  of  time  and  under  the  same  conditions  as  the  dull  coal.  This 
is  probably  due  to  the  admixture  of  shale  in  the  dull  coal,  since  shale  is 
known  to  have  a  very  low  porosity. 

V.     Field  Studt  of  Specific  Gravity. 

6.  Fresh  Coal  from  Vermilion  Count;/. — In  order  to  determine  the 
fresh  specific  gravity  of  Illinois  coal  on  a  more  extensive  scale,  field  trips 
were  made  to  the  Vermilion  county  coal  field,  near  Danville,  Illinois,  and 
with  a  complete  improved  Jolly  Balance  equipment  determinations  of 
the  fresh  specific  gravity  were  made  at  the  mines,  while  the  coal  collected 
was  perfectly  fresh  lumps  y2  to  1  inch  in  diameter,  being  used  in  making 
the  determinations. 

Two  coal  beds  of  workable  thickness,  ~No.  6  and  No.  7,  of  the  Illinois 
State  Geological  Survey  correlation,  are  mined  in  the  district,  and  samples 
were  collected  from  both.  The  eoal  is  composed  of  alternate  bright  and 
dull  bands  of  variable  thickness,  with  numerous  thin  partings  of  shale, 
mineral  charcoal  or  mother  of  coal,  and  pyrite.  Some  of  these  partings 
are  quite  persistent  and  divide  the  coal  bed  into  benches  which  are  known 
locally  as  the  "top  coal,"  "blacksmith  coal,"  "bottom  coal,"  etc. 

Experiment  (I) — In  order  to  obtain  a  value  for  the  specific  gravity 
that  would  represent  the  whole  coal  bed  with  reasonable  accuracy,  it  was 
found  advisable  to  sample  each  bench,  instead  of  sampling  the  bed  as  a 
whole;  that  is.  lumps  were  collected  from  each  bench  appearing  per- 
sistent over  a  considerable  area.  A  value  was  thus  obtained  which  was 
representative  of  the  particular  bench  from  which  the  sample  was  taken, 
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but  not  necessarily  of  the  whole  bed.  The  average  value  for  the  whole  bed 
was  found  by  multiplying  the  value  for  each  bench  by  the  thickness  of 
that  bench  in  inches,  and  dividing  by  the  total  thickness  of  the  bed. 


Table  14. 
Specific  Gravity  of  Coal  No.  7  by  Benches. 


Sample 

Bench 

Bench 

Bench 

Bench 

No. 

No.  1 

No.  2 

No.  3 

No.  4 

230 

1.24 

1.33 

1.25 

1.29 

231 

1.24 

1.29 

1.26 

1.29 

232 

1.24 

1.28 

1.27 

1.26 

233 

1.24 

1.32 

1.26 

1.28 

234 

1.24 

1.30 

1.26 

1.35 

235 

1.24 

1.27 

1.27 

1.28 

236 

1.24 

1.27 

1.31 

237 

1.24 

1.27 

1.31 

238 

1.24 

i!3i 

1.28 

1.32 

239 

1.25 

1.34 

1.26 

1.30 

240 

1.25 

1.31 

1.25 

1.28 

241 

1.25 

1.27 

1.25 

1.34 

242 

1  24 

1.26 

1.26 

1.30 

243 

1.25 

1.30 

1.25 

1.36 

244 

1.23 

1  30 

1.26 

245 

1.25 

1.28 

246 

1.24 

1.31 

i.29 

247 

1.26 

i!26 

1.26 

1.34 

248 

1.27 

1.25 

1.28 

1.27 

249 

1.26 

1.32 

1.25 

1.26 

250 

1.26 

1.25 

1.26 

1.31 

251 

1.28 

1.31 

1.33 

1.27 

252 

1.25 

1.28 

1.26 

1.26 

253 

1.28 

1.30 

1.29 

1.27 

254 

1.26 

1.31 

1.30 

255 

1.27 

1.32 

1.27 

i!30 

256 

1.29 

1.28 

1.26 

1.29 

257 

1.25 

1.27 

1.28 

258 

1.22 

1.29 

1.27 

259 

1.29 

1.29 

1.27 

260 

1.26 

1.27 

1.26 

261 

1.25 

1.26 

1.28 

262 

1.27 

1.29 

1.27 

263 

1.27 

1.27 

1.27 

264 

1.27 

1.31 

1.27 

265 

1.30 

1.26 

Average 

1.26 

1.29 

1.27 

1  30 

Bench  No.  1  =■  Top  Coal. 

Bench  No.  2  =  Middle  Bench. 

Bench  No.  3  =  "Blacksmith  Coal"  (local  name). 

Bench  No.  4  =  Bottom  Coal. 

A  large  number  of  lumps  were  selected  from  different  points  along 
each  bench  and  at  a  number  of  localities  in  the  district,  and  the  specific 
gravity  of  each  of  these  lumps  was  determined  (see  Table  14).  The  coal 
from  different  benches  showed  an  appreciable  difference  in  specific  gravity, 
although  the  value  from  each  bench  was  fairly  constant. 

Samples  from  different  benches  were  obtained  from  thirteen  differ- 
ent mines  in  the  district,  and  the  specific  gravities  determined  imme- 
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diately  by  means  of  the  portable  Jolly  Balance.  The  average  value  of  each 
bench  and  for  the  entire  bed  was  calculated  for  each  sample  by  the  method 
described,  and  the  results  for  the  bed  are  given  in  Table  15. 

Table  15. 
Fresh  Specific  Gravity  of  Danville  Coal. 


Coal  No.  7 

Coal  No.  6 

Sample 

Specific 

Sample 

Specific 

No 

Gravity 

No. 

Gravity 

201 

1.27 

207 

1.29 

202 

1.29 

208 

1.28 

203 

1.27 

209 

1.29 

204 

1.29 

210 

1.27 

205 

1.29 

211 

1.27 

206 

1.27 

212 

1.28 

213 

1.27 



214 

1.28 

Average 

1.28 

215 

1.29 

216 

1.28 

217 

1.28 

218 

1.28 

219 

2.26 

220 

1.27 

221 

1.27 

222 

1.27 

223 

1.28 

225 

1.28 

226 

1.29 

227 

1.29 

228 

1.28 

229 

1.29 

230 

1.29 

231 

1.28 

232 

1.28 

233 

1.27 

Average 

1.27 

7.  Coal  From  Other  Districts. — It  was  not  found  possible  to  col- 
lect samples  of  fresh  coal  from  various  parts  of  the  state;  therefore,  in 
order  to  cover  the  ground  thoroughly,  samples  of  coal  in  varying  stages 
of  dryness  were  obtained  from  practically  every  district  in  the  state. 

The  apparent  specific  gravity  of  each  of  these  samples  was  determined 
by  the  Jolly  Balance  method.  The  values  obtained  for  the  different 
samples  vary  considerably,  probably  due  to  the  difference  in  the  length 
of  time  which  elapsed  between  the  mining  of  the  coal  and  determination 
of  its  specific  gravity.  Also,  the  fresh  specific  gravity  of  each  of  these 
samples  was  determined  by  the  approximate  method  described  on  pages 
20  and  21,  and  the  values  obtained  are  given  in  Table  16. 


Table  16. 
SgcgTCGHmTY  of  Vabious  ILLIN0is  Coals. 


1  •  30 — Montgomery 
1.33— Perry 


on  paTere2S0h  SPedfiC  gravity  2S  dete 


1 .  30 — Sangamon 
1.31— Williamson 


rmined  on   dry   coal   by   the   approximate   method   descri 


bed 
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VI.    Peactical  Uses  of  the  Specific  Gravity  ok  Coal. 

There  are  several  practical  uses  to  which  a  knowledge  of  the  specific 
gravity  of  coal  may  be  applied,  chief  among  which  are  the  following: 

(1)  The  calculation  <>f  the  tonnage  of  coal  in  the  ground  over  a 
given  area. 

(2)  The  calculation  of  the  tonnage  of  quantities  of  broken  coal, 
such  as  the  coal  stored  in  large  hins  or  in  stock  piles. 

(3)  The  comparison  of  coals  by  the  rapid  estimation  of  the  ash 
and  moisture  content. 

(4)  The  determination  of  the  adaptability  of  coal  to  the  removal  of 
its  impurities  by  washing  processes. 

8.  Tonnage  of  Coal  in  the  Ground. — It  is  often  desirable  to  esti- 
mate the  number  of  tons  of  coal  in  a  given  area  underlaid  by  coal  beds  of 
a  known  or  to  be  determined  thickness.  The  volume  of  solid  coal  can  be 
easily  calculated,  knowing  the  thickness  of  the  beds  and  the  area  they 
cover:  and  the  tonnage  may  then  be  found  by  multiplying  the  volume 
in  cubic  feet  by  the  weight  per  cubic  foot,  and  dividing  by  2,000. 

V  X  W 

Tonnage  = ,  in  which 

2.000 

V  =  volume  in  cubic  feet,  and 

W  =  weight  per  cubic  foot. 
Since  the  weight  per  cubic  foot  of  coal  is  equal  to  the  specific  gravity  of 
the  coal  multiplied  by  the  weight  of  a  cubic  foot  of  water  (62.5  pounds), 
the  formula  becomes 

62.5  V  S 

Tonnage  = (S  =  specific  gravity). 

2,000 

It  is  necessary  to  know  the  specific  gravity  of  the  coal  with  reasonable 
accuracy  if  the  estimate  of  tonnage  is  to  have  any  value.  An  error  of  only 
a  small  amount  in  the  specific  gravity  might  cause  the  amount  of  coal 
recovered  from  a  given  area  to  fall  millions  of  tons  short  of  the  estimated 
recovery.  This  fact  was  recognized  by  the  Commission  appointed  to 
investigate  the  waste  in  coal  mining  in  Pennsylvania  in  1890.  This 
Commission  in  its  report  stated  that  "...    a  variation  of  1  per  cent 
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in  the  specific  gravity  would  reduce  the  total  number  of  tons  of  coal  in  the 
ground  195,000,000."* 

The  importance  of  selecting  the  proper  value  for  the  specific 
gravity  is  evident  when  it  is  remembered  that  the  specific  gravity  of  any 
coal  may  be  represented  by  a  number  of  widely  differing  values,  each 
perfectly  correct  for  the  condition  which  it  represents.  For  example,  the 
apparent  specific  gravity  of  a  fresh  coal  may  be  1.33,  while  after  the  coal 
has  dried  out  it  may  be  only  1.20.  This  difference  of  0.13  in  the  specific 
gravity  makes  a  difference  of  about  1,020  tons  per  acre  for  a  bed  of  coal 
six  feet  thick,  or  over  650,000  tons  for  an  area  of  only  one  square  mile. 
This  difference  is  far  too  great  to  be  neglected,  and  it  is  therefore  neces- 
sary to  select  the  proper  value  for  the  specific  gravity. 

In  selecting  this  value  it  should  be  remembered  that  the  fresh  specific 
gravity  represents  the  condition  in  which  the  coal  exists  in  the  ground ; 
the  apparent  specific  gravity  represents  any  condition  of  the  coal  at  any 
stage  in  the  drying  process ;  while  the  dry  and  unit  values  represent  only 
theoretical  conditions  that  are  never  attained  practically,  and  therefore, 
can  be  neglected  in  this  connection. 

The  most  practical  value  for  use  in  the  calculation  of  tonnage  in  the 
ground  is  one  that  represents  the  condition  in  which  the  coal  exists  when 
it  is  marketed,  since  the  calculated  weight  will  correspond  to  the  weight 
upon  which  the  price  received  for  the  coal  is  based.  In  the  state  of  Illi- 
nois, coal  that  is  marketed  is  usually  settled  for  on  the  basis  of  weights 
at  the  mine.  The  coal  is  weighed  as  soon  as  it  is  placed  in  the  railroad 
car  ready  for  shipment.  Only  a  short  time  elapses  between  the  mining 
of  the  coal  and  weighing  it,  and  therefore,  the  coal  when  weighed  is 
practically  fresh.  It  is  not  exposed  to  the  air  long  enough  after  being 
mined  to  lose  sufficient  moisture  to  affect  its  weight  appreciably.  Since 
the  coal  is  sold  on  a  practically  fresh  basis,  all  calculations  of  tonnage  in 
the  ground  should  be  based  upon  the  fresh  specific  gravity  of  the  coal. 

9.  Tonnage  of  Broken  Coal. — In  calculating  the  tonnage  of  a  known 
volume  of  broken  coal  it  is  necessary  to  know  not  only  the  specific  gravity 
of  the  coal,  but  also  the  amount  of  void  spaces,  or  the  amount  of  increased 
volume  occupied  by  the  coal  when  it  is  broken.  For  bituminous  coal,  such 
as  that  found  in  Illinois,  this  increase  in  volume  probably  varies  from  60 
per  cent  for  large  sizes  to  about  80  per  cent  for  small  sizes.     Assuming 

'Report   of   Perm.    Coal   Waste  Commission,   p.    11,    1893. 
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that  the  coal  in  question  is  in  small  sizes,  the  tonnage  can  be  calculated 
hv  the  formula: 

62.5  VS 

Tonnage  = ,  in  which 

1.80 

V  —  volume  in  cubic  feet,  and 

8  =  specific  gravity. 
Again,  it  is  necessary  to  know  which  value  of  the  specific  gravity  to 
use.  In  such  a  case,  the  manner  in  which  the  coal  has  been  stored  will 
affect  its  moisture  content  and  consequently  its  specific  gravity.  Three 
cases  should  be  considered ;  (a)  when  the  coal  has  been  stored  under 
water,  (b)  when  it  has  been  stored  in  a  tight  bin,  and  (c)  when  it  has 
been  stored  in  an  exposed  stock  pile. 

(a)  Under  Water  Storage. — Coal  that  is  stored  under  water  under- 
goes practically  no  deterioration,  and  its  condition  is  practically  the  same 
after  a  long  period  of  time  as  when  freshly  mined.  Its  specific  gravity 
should  not  change,  and  consequently  in  calculating  the  tonnage  of  a  given 
volume  of  coal  stored  under  water  the  fresh  value  of  the  specific  gravity 
should  be  used. 

(b)  Closed  Bin  Storage. — Coal  that  is  stored  in  a  closed  bin  should 
lose  its  moisture  very  slowly,  but  after  a  considerable  length  of  time,  for 
instance,  several  months  or  years,  a  large  proportion  of  its  contained 
moisture  would  probably  be  lost,  especially  if  the  coal  were  handled  much 
during  the  process  of  transferring  it  to  the  bin.  Under  such  conditions 
it  would  probably  be  necessary  to  obtain  samples  of  the  coal  and  actually 
determine  its  apparent  specific  gravity  in  order  to  obtain  a  reliable  value 
upon  which  to  base  any  calculations  of  tonnage. 

(c)  Storage  in  Exposed  Piles. — Coal  that  is  stored  in  exposed  piles 
will  lose  moisture  in  dry  weather  and  gain  moisture  in  wet  weather,  and 
its  specific  gravity  will  vary  accordingly.  It  is  probable  also  that  the 
specific  gravity  will  not  be  the  same  on  the  surface  of  the  pile  as  in  the 
center  or  at  the  base,  because  evaporation  of  the  moisture  takes  place 
more  rapidly  at  the  exterior.  Under  such  conditions  it  would  be  almost 
impossible  to  estimate  with  any  degree  of  precision  the  average  specific 
gravity  of  the  coal  from  any  known  values.  Samples  should  be  selected 
from  different  depths  in  the  pile  and  the  apparent  specific  gravity  de- 
termined. On  such  an  average  value  the  estimate  of  tonnage  should  be 
based. 
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10.  Comparison  of  Coals. — If  the  specific  gravity  of  two  coals  of 
the  same  type  and  of  the  same  moisture  content,  such  as  two  bituminous 
coals  from  different  parts  of  the  same  bed  or  even  from  different  beds 
are  compared,  it  is  probable  that  the  one  having  the  higher  specific  gravity 
has  also  the  higher  ash  content.  They  can  be  more  conveniently  compared 
if  the  moisture  is  entirely  eliminated  by  calculating  the  dry  specific 
gravity.  By  comparing  the  dry  specific  gravities  of  different  coals  of  the 
same  type  a  great  deal  might  be  learned  about  the  other  properties  of  the 
coal,  especially  the  ash  content.  Since  the  heat  value  varies  inversely  as 
the  ash  content  for  a  given  coal,  some  idea  might  also  be  obtained  as  to 
the  relative  heat  values  of  the  two  coals.  Such  a  comparison  could  not 
be  made  between  two  types  of  coal  such  as  a  bituminous  and  an  anthracite, 
or  a  bituminous  and  a  lignite,  but  for  the  same  types  of  coal  valuable 
comparisons  could  be  made.  By  eliminating  all  the  impurities  and  using 
unit  value  of  the  specific  gravity  it  might  even  be  possible  to  draw- 
valuable  conclusions  as  to  the  relative  heat  values  of  different  coals.  Such 
a  possibility  is  only  suggested,  but  it  may  be  worth  further  consideration. 

11.  Specific  Gravity  and  Coal  Washing. — Before  an  attempt  is  made 
to  remove  the  impurities  from  coal  by  washing,  the  properties  of  both 
the  coal  and  its  impurities  should  be  investigated  to  determine  whether 
the  coal  is  adaptable  to  washing,  and  which  sizes  give  the  best  results. 
The  common  method  of  testing  is  the  "float  and  sink''  test,  by  means 
of  which  the  impurities  are  removed  from  the  crushed  coal  by  immersing 
it  in  a  heavy  solution,  such  as  a  solution  of  calcium  chloride  or  of  zinc 
chloride,  in  which  the  impurities  sink  and  the  clean  coal  floats  and  can 
be  skimmed  away.  The  object  of  washing  the  coal  is  twofold;  first,  to 
reduce  the  ash  below  an  arbitrary  maximum,  which  depends  upon  the 
purposes  for  which  the  product  is  to  be  used,  and  secondly,  to  reduce  the 
sulphur  content  to  a  minimum,  especially  if  the  product  is  to  be  utilized 
in  manufacturing  metallurgical  coke.  By  testing  with  solutions  of  dif- 
ferent specific  gravity,  one  can  be  selected  which  will  separate  float  coal 
with  a  little  less  than  the  maximum  allowable  ash.  If  the  sulphur  in 
the  float  coal  has  at  the  same  time  been  reduced  to  a  minimum,  the  coal 
is  suitable  for  the  manufacture  of  metallurgical  coke,  otherwise  it  is  not. 
However  clean  the  float  coal  may  be,  the  sink  material  must  contain 
only  a  small  amount  of  coal  if  the  separation  is  to  be  a  commercial  suc- 
cess. If  the  sink  contains  much  coal  the  loss  in  the  tailings  will  reduce 
the  profits  realized  by  the  increased  price  of  the  clean  coal  until  the 
washing  is  no  longer  economical.     The  lighter  the  coal  and  the  heavier 
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the  impurities,  the  cleaner  will  be  the  separation.  If  floai  and  sink  teste 
are  carefully  made  by  a  Btandard  method  of  procedure  they  give  valuable 
comparative  data. 

Specific  gravity  tests  may  be  used  to  advantage  in  determining  the 
adaptability  of  coal  to  washing.  They  may  be  made  either  on  average 
samples  from  the  float  coal  and  the  impurities  derived  from  float  and 
sink  tests,  or  they  may  be  made  directly  upon  the  coal  and  upon  the 
shale,  which  constitutes  its  chief  impurity.  All  washing  methods  for  the 
separation  of  COaJ  from  its  impurities  depend  upon  differences  in  specific 
gravity.  The  trough,  washers,  and  the  grading  boxes  depend  upon  the 
tree  settling  ratio.*  and  the  tub  washers,  jigs,  and  humping  tables  upon 
the  hindered  settling  ratio  between  the  coal  and  its  impurities. 

Whether  the  washing  takes  place  under  free  or  hindered  settling 
conditions,  the  greater  the  settling  ratio  the  greater  will  be  the  range 
of  sizes  allowable  in  the  coal  and  the  cleaner  will  be  the  separation  for  a 
given  size. 

It  has  been  shown  that  the  apparent  specific  gravity  of  the  coal 
itself  decreases  as  the  coal  dries  out.  Values  as  low  as  1.12  were  ob- 
tained for  very  dry  coal  by  the  author,  and  values  of  1.18  or  1.20  are 
quite  common:  whereas  the  apparent  specific  gravity  of  the  same  coal 
when  fresh  is  about  1.30  or  even  more.  As  the  specific  gravity  of  the 
coal  decreases  its  hindered  settling  ratio  increases  and  the  coal  becomes 
more  suited  to  washing,  provided  the  specific  gravity  of  the  impurities 
remains  unchanged.  Pyrite  and  shale,  the  chief  impurities,  with  the 
exception  of  fire-clay,  are  practically  nonporons,  and  their  saturation  or 
DOnsaturation  with  water  should  not  affect  their  specific  gravity.  Fire- 
clay breaks  up  upon  coming  into  contact  with  water,  and  in  washing 
operations  it  is  carried  away  with  the  water  and  does  not  enter  into 
the  process,  except  perhaps  to  slightly  increase  the  specific  gravity  of  the 
water.  One  example  will  suffice  to  illustrate  the  effect  upon  the  specific 
gravity  of  drying  the  coal.  Assuming  hindered  conditions  with  a  quick- 
sand having  a  specific  gravity  of  1.10,  with  impurities  having  a  specific 
gravity  of  2.40  and  with  fresh  coal  having  a  specific  gravity  of  1.30,  the 
settling  ratio  becomes : 

1)         2.40  —  1.10         1.3 

—  = = =  6.5. 

D'       1.30  —  1.10        0.2 


'For   a   discussion    of   free   unci    hindered    settling   ratios,    see    Bui.    Xo.    f>9.    University    of 
Illinois  Engineering   Experiment  Station,  "Coal  Washing  in   Illinois,"   by  F.   C.   Lincoln. 
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If  the  coal  is  air-dry,  with  a  specific  gravity  of  1.20, 

D        2.40  —  1.10        1.3 

—  = = =  13. 


D'       1.20-1.10        0.1 

D 

The  hindered  settling  ratio for  the  air-dry  coal  is  just  twice 

D' 

that  for  the  same  coal  when  fresh,  and  theoretically  the  coal  when  air-dry 
can  be  washed  with  a  range  of  sizes  twice  as  great  as  when  fresh ;  or  with 
a  much  cleaner  separation  for  the  same  range  of  sizes.  Consequently 
from  this  viewpoint  it  would  seem  advisable: 

(1)  Not  to  wash  fresh  coal,  in  other  words,  not  to  wash  coal  at 
the  mine;  the  time  required  to  ship  coal  to  a  distant  point  permits  a 
certain  amount  of  drying  to  take  place.  If  the  question  should  come  up 
as  to  whether  one  large  washery  should  be  established  near  the  market 
and  all  coal  shipped  from  a  number  of  mines  to  it,  or  a  number  of 
washeries  should  be  built  at  the  different  mines  and  the  product  shipped 
to  the  market,  a  consideration  of  the  relation  between  moisture  content 
and  the  cleanness  of  separation  would  favor  the  central  washery  plan. 

(2)  Not  to  feed  wet  coal  to  the  jigs  or  to  other  washing  machines. 
The  coal  should  be  as  dry  as  possible  when  it  reaches  the  medium  in 
which  the  separation  of  clean  coal  and  impurities  takes  place.  When 
washing  fine  sizes  of  coal  it  may  be  necessary  to  feed  it  wet  in  order  to 
keep  the  coal  from  matting  and  floating  over  the  jigs  without  being 
wetted.  In  such  cases  the  wetting  should  be  delayed  as  long  as  possible 
so  that  the  coal  will  not  remain  wet  long  before  being  fed  to  the  jigs. 

These  conclusions  are  based  upon  theoretical  considerations  of  the 
results  of  study  of  the  specific  gravity  of  coal,  and  have  little  practical 
bearing. 

VII.     Summary. 

(1)  In  general,  no  fixed  value,  such  as  can  be  given  for  mineral 
substances  of  definite  chemical  composition,  can  be  given  for  the  specific 
gravity  of  coal.  Different  types  of  coal,  such  as  anthracite  and  bitumi- 
nous, have  different  specific  gravities,  and  even  coals  of  the  same  general 
type  may  have  quite  different  specific  gravities,  due  to  differences  in 
content  of  ash  and  moisture. 
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•    (2)     Fresh  coal  of  the  Illinois  type  is  probably  saturated  with  mois- 
ture, most  of  which  is  held  mechanically  in  the  pores  of  the  coal. 

(3)  The  specific  gravity  of  fresh  coals  of  the  same  general  types 
should  he  about  constant  if  the  content  of  ash  is  about  the  same.  The 
specific  gravity  of  coal  in  the  fresh  condition  has  been  called  the  "fresh" 
specific  gravity. 

(4)  If  coal  has  dried  to  any  extent  its  specific  gravity  will  vary, 
depending  upon  the  amount  of  moisture  lost.  As  the  moisture  content 
decreases  the  specific  gravity  should  decrease  (the  ash  content  remaining 
the  same),  but  not  necessarily  in  a  direct  ratio.  The  specific  gravity 
uncorrected  for  moisture  or  ash  content  has  been  called  the  "apparent" 
specific  gravity. 

(5)  By  calculating  values  of  specific  gravity  to  exclude  the  effect 
of  moisture,  values  may  be  obtained  which  have  been  called  the  "real" 
or  "true"  specific  gravity,  and  which  might  well  be  called  the  "dry" 
specific  gravity  to  correspond  with  analyses  of  coal  which  have  been  cal- 
culated to  the  "dry"  or  "moisture-free"  basis.  By  excluding  both  ash  and 
moisture,  values  might  be  obtained  which  could  be  referred  to  as  the 
"unit"  specific  gravity,  to  correspond  with  the  unit  coal  B.  t.  u  of  Parr. 

(6)  By  saturating  air-dry  coal  with  moisture  before  determining 
its  specific  gravity,  a  value  can  be  obtained  which  represents  quite  closely 
the  "fresh"  value  of  the  specific  gravity,  or  the  specific  gravity  of  the 
coal  in  its  fresh  condition. 

(7)  The  fresh  specific  gravity  of  coal  from  different  counties  in 
Illinois  was  found  to  vary  from  1.28  to  1.33,  with  an  average  of  between 
1.30  and  1.31.  These  values,  excepting  those  for  Vermilion  and  Mont- 
gomery counties,  were  obtained  from  air-dry  coal  by  the  approximate 
method  described  on  page  20  of  this  bulletin. 

(8)  In  computing  tonnages  it  is  suggested  that  (a)  for  coal  in  the 
ground,  the  fresh  specific  gravity  is  the  proper  value  to  use,  (b)  for 
broken  coal  stored  under  water,  the  fresh  specific  gravity  should  be  used, 
and  (c)  for  broken  coal  stored  in  bins  or  in  open  piles  the  apparent 
specific  gravity  should  be  found  for  the  average  condition  of  the  coal 
at  the  time  the  computations  are  made,  and  that  value  used. 

(9)  In  coal  washing  operations  the  coal  theoretically  should  be  as 
dry  as  feasible  when  fed  to  the  washing  machines,  since  the  settling  ratios 
are  considerably  greater  for  dry  than  for  wet  coal,  and  dry  coal  can  con- 
sequently be  washed  more  efficiently. 
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VIII.     Appendix  A. — Methods  of  Determining  Specific  Gravity 

of  Coal. 

.  12.  General  Methods  for  Solids. — A  number  of  methods  have  been 
devised  for  determining  the  specific  gravity  of  solids,  involving  various 
methods  of  procedure  and  requiring  various  kinds  of  apparatus.  Most 
of  these  methods  are  too  well  known  to  need  description.  They  are  as 
follows : 

(a)  Hydrostatic  Balance  Method. 

(b)  Jolly  Balance  Method. 

(c)  Pycnometer  Method. 

(d)  Heavy  Solution  Method. 

A  few  modifications  of  the  Hydrostatic  and  Jolly  Balances  have 
been  devised  which  permit  especially  rapid  manipulation,  but  since  these 
are  not  particularly  applicable  to  the  determination  of  the  specific  gravity 
of  coal,  a  mere  reference  to  them  will  suffice.* 

13.  Special  Methods  for  Coal  and  Coke  Determinations. — A  num- 
ber of  modifications  of  the  general  methods  have  been  used  for  the 
determination  of  the  specific  gravity  of  coal. 

(a)  Ordinary  Pycnometer  Method  of  the  V.  S.  Bureau  of  Mines.^f — 
"To  determine  the  true  specific  gravity  of  coal  and  coke  substance,  the 
procedure  is  as  follows:  Approximately  3.5  grams  of  the  60-mesh  coal 
or  coke  is  weighed  and  introduced  into  a  50-c.c.  pycnometer  with  about 
30  c.c.  of  distilled  water.  In  order  to  avoid  loss  of  particles  of  the  sam- 
ple during  boiling,  a  one-bulb  6-ineh  drying  tube,  a  (Fig.  1),  is  con- 
nected with  the  pycnometer  by  means  of  a  small  piece  of  pure  gum  tub- 
ing or  a  rubber  cork,  r.  The  other  end  of  the  drying  tube  is  connected 
with  the  aspirator.  Suction  is  applied  and  the  contents  of  the  flask  are 
gently  boiled  on  the  water  bath  d  under  partial  vacuum  for  three  hours 
in  order  to  expel  all  air  from  the  sample.  The  pycnometer  is  then 
detached,  almost  filled  with  boiled  and  cooled  water,  allowed  to  cool  to 
the  temperature  of  the  balance  room,  stoppered,  and  weighed.  The 
temperature  of  the  contents  of  the  pycnometer  is  taken  immediately  after 


*M.  von  Schwartz,  "Two  New  Types  of  Balance  for  Density  Determinations,"  Munich 
Centr.  Min.   Geol.,  1913,  565-570. 

*Franz  Toula,  "A  Quick  Working  Hydrostatic  Balance."  Min.   Pet.  Mitth.,  26,  233-237. 

*A.  H.  Sabin,  "A  Specific  Gravity  Balance  for  Solids,"  Grig.  Com.  Sth  Inter.  Cong. 
Appl.    Chem.,    I,    441-443. 

*W.  Bahrdt,  "Measurement  of  the  Density  of  Solid  Bodies,"  Z.  Physik  Chem.,  Unter- 
richt,   26,   6-7;    Chem.    Zentr.,    1913,    I,    1390. 

fTechnical  Paper  No.  S,  U.  S.  Bureau  of  Mines.  1914,  "Methods  of  Analyzing  Coal 
and  Coke,"  by  F.  M.   Stanton  and  A.   C.   Fieldner. 
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weighing.     Each  pycnometer  is  accurately  calibrated  and  a  table  is  con- 
structed giving  its  capacity  in  grams  of  water  at  different  temperatures. 
"The  true  specific  gravity   is  determined  by  use  of  the  following 
formula : 

w 

True  specific  gravity  = ,  in  which 

W—  (W  —  P) 
W  =  weight  in  grams  of  dry  coke  =  weight  in  grams  of  sample  minus 

its  moisture  content. 
W  —  weight  in  grams  of  pycnometer  plus  dry  coke,  plus  water  to  fill. 
P  =  weight  in  grams  of  pycnometer  plus  water  to  fill." 
(b)    Special  Method  of  the  U.  8.  Bureau  of  Mines*— "The  Hogarth 
flask  recommended  by  Blairf  for  the  determination  of  the  specific  gravity 


aspirator- 


Fig.  4.    Arrangement  of  Pvcxometer,  U.  S.  Bureau  of  Mines. 


of  iron  ores  is  more  convenient  and  accurate  for  routine  determinations 
of  the  specific  gravity  of  coal  or  coke  substances  than  is  the  ordinary 
pycnometer  described  in  the  preceding  method.  With  the  ordinary 
pycnometer  it  is  difficult  to  insert  the  stopper  without  catching  some 
floating  particles  between  the  stopper  and  neck. 

"With  the  Hogarth  flask  is  no   such   difficulty.     The  method  of 
determination  with  the  Hosrarth  flask  is  as  follow--: 


'Technical  Paper  8,  U.   S.  Bureau  of  Mines,  1914. 

tA.  A.  Blair,  "The  Chemical  Analysis  of  Iron,"  7th  ed.,  1908,  p.  278. 
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"A  10-gram  portion  of  the  60-mesh  coal  or  coke  is  weighed  and 
carefully  introduced  into  the  weighed  flask  (Fig.  5)  with  enough  dis- 
tilled water  to  fill  the  flask  half  full.  The  capacity  of  the  Hogarth  flasks 
obtained  on  the  market  varies  from  100  to  125  c.c.  The  flask  is  then 
placed  on  a  small  electric  hot  plate  in  a  10-inch  vacuum  desiccator.  The 
desiccator  is  evacuated  by  means  of  an  aspirator  or  air  pump.  A  current 
sufficient  to  keep  the  water  boiling  is  passed  through  the  hot  plate.  With 
an  efficient  vacuum  pump  all  the  air  is  expelled  in  30  minutes.  The 
flask  is  then  removed  from  the  desiccator,  filled  to  the  tubulure  with 
recently  boiled  and  cooled  distilled  water,  and  the  stopper  inserted.  It 
is  advisable  to  apply  a  thin  film  of  vaseline  to  the  stopper  to  prevent 
leakage. 


To  WaM  '«"•  *""* 


Fig.  5.    Hogarth  Flask  Method. 


"After  the  flask  has  been  cooled  to  about  25°  C.  in  a  water  thermo- 
stat, distilled  water  that  has  been  cooled  in  the  same  thermostat  is  drawn 
through  the  tubulure  until  the  water  level  is  slightly  above  the  mark  -on 
the  capillary  of  the  stopper.  This  may  be  done  without  removing  the 
flask  from  the  thermostat  by  inserting  the  end  of  the  tubulure  in  a 
6mall  beaker  of  water  and  applying  a  slight  suction  on  the  stopper.  The 
flask  should  remain  in  the  thermostat  until  the  temperature  of  contents 
is  exactly  25°  C.  The  water  level  is  adjusted  to  the  mark  on  the  capillary 
by  touching  a  piece  of  filter  paper  to  the  end  of  the  tubulure  or  by 
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drawing  in  a  little  water.  The  flask  is  then  removed  from  the  thermo- 
stat, wiped  dry,  and  weighed.  The  true  specific  gravity  is  calculated  as 
in  the  preceding  method.  (See  formula,  p.  39.)  The  value  for  P  is 
obtained  by  filling  the  flask  with  boiled  water,  cooling,  and  weighing, 
as  described  above. 

"By  this  method  no  difficulty  is  experienced  in  duplicating  the  fig- 
ures for  specific  gravity  to  two  decimal  places." 

(c)  Bldkely  and  Chance  Method* — Messrs.  Blakelv  and  Chance, 
formerly  chemists  for  the  Philadelphia  &  Reading  Coal  &  Iron  Co.,  have 
described  a  method  which  they  used  for  specific  gravity  determinations  of 
coal.  A  representative  sample  of  coal  is  reduced  to  100  grams  and  placed 
in  a  250  c.c.  volumetric  flask  which  has  been  previously  calibrated.  Then 
100  c.c.  of  water  is  run  in,  suction  applied,  and  the  flask  shaken.  When 
the  air-bubbles  cease  to  rise,  the  suction  is  stopped  and  water  run  in 
from  a  burette  up  to  the  250  c.c.  mark. 

100 

Specific  gravity  = ,  in  which 

V  —  V 

v  0  v  1 

V0  =  volume  of  the  flask  in  cubic  centimeters, 
Vx  =  number  of  cubic  centimeters  of  water  added  after 
the  evacuation. 
By  using  a  table  of  reciprocals  calculation  is  facilitated,  since  the 
specific  gravity  equals  100  times  the  reciprocal  of  V0—V1. 

(d)  Brinsmaid's  Method. — Mr.  William  Brinsmaid  developed  in 
the  laboratory  of  Professor  S.  W.  Parr  of  the  University  of  Illinois  a 
volumetric  method  for  specific  gravity  determinations.  The  apparatus 
consists  of  a  pint  fruit  jar  and  an  inverted  glass  funnel  of  the  same 
diameter.  (Fig.  6.)  The  rim  of  the  funnel  and  the  top  of  the  jar 
are  ground  to  insure  a  close  joint.  The  center  of  the  cap  of  the  jar  is 
cut  out  and  the  cap  is  placed  over  the  funnel  and  screwed  down  to 
hold  it  firmly  in  place. 

The  volume  of  the  two-part  flask,  as  it  may  be  considered,  is  de- 
termined by  running  in  water  from  a  burette  up  to  a  mark  on  the  stem 
of  the  funnel.  To  make  room  for  the  lump  of  coal  of  which  specific 
gravity  is  to  be  determined,  enough  water  is  removed  through  a  pipette 
inserted  in  the  funnel.  The  water  is  placed  in  a  beaker  and  saved.  Then 
the  funnel  is  taken  away  and  the  lump  of  coal,  previously  weighed,  is 
placed  in  the  jar.     The  funnel  is  replaced,  and  water  run  in  from  the 


•Mines  and  Minerals,  Vol.  31,  p.   499,   March,   1911. 
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supply  previously  removed  until  the  flask  is  again  full  up  to  the  mark, 
the  air-bubbles  adhering  to  the  coal  being  removed  by  shaking.  Then 
the  remaining  water  of  the  supply  taken  out  at  first  is  the  water  dis- 


Fig.  6.     Parr-Brixsmaid  Apparatus. 

placed  by  the  coal  and  has  the  same  volume  as  the  lump  of  coal.     Its 
weight  is  determined  from  the  following  equation : 

Wc 

Sp.  Gr.  = ,  in  which 

W 
Wc  =  weight  of  the  coal, 
W    =  weight  of  the  water  displaced. 

(e)  Nicholson  Hydrometer  Methitd  of  the  U.  8.  Bureau  of  Mines* — 
"The  apparatus  used  for  determination  of  the  apparent  specific  gravity 
(of  both  coal  and  coke)  consists  of  a  galvanized-iron  cylinder  (Fig.  7), 


'Technical   Paper  No.  S,  U.   S.  Bureau  of  Mines,  1914,  p.  39. 
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which  is  filled  with  water  to  the  watei  line,  as  indicated  in  the  figure. 
In  the  cylinder  is  immersed  a  hydrometer  made  of  brass.     On  the  top 

of  the  hydrometer  are  two  pans.  The  upper  one  is  u<c<\  for  weights 
and  the  lower  for  the  sample.  Below  the  air  buoy  is  a  hrass  cage  per- 
forated with  many  holes  to  allow  the  air  to  escape  when  the  instrument 
is  immersed.  The  cage  carries  the  sample  when  it  is  weighed  under 
water.     The  method  of  determining  the  apparent  specific  gravity  is  as 


Copper; 
Air  Tight 


Copper^ 

Lead  Weight 
to  sin  A 
Apparatus 


Water  Line 


Galvanized 

Iron 
Cylinder- 


CopperiYire 
Weight  Pan 

\-CopperDish 


Fig.  7.     Nicholson  Hydrometer  for  Coal  and  Coke. 


follows:  Brass  weights  are  placed  on  the  upper  pan  until  the  hydrom- 
eter sinks  to  a  mark  on  the  stem  between  the  copper  pan  and  the  buoy. 
The  total  weight  required  is  recorded.  The  weights  are  removed,  and 
about  500  grams  of  the  sample  in  lump  form  (about  iy2  to  2-inch  cubes) 
are  placed  in  the  copper  dish.  Brass  weights  are  then  added  until  the 
hvdrometer  sinks  to  the  mark  on  the  stem.     The  difference  in  the  weights 
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used  gives  the  weight  of  the  sample  in  air.  The  sample  is  then  care- 
fully transferred  to  the  brass  cage  below  the  buoy.  The  weights  on  the 
upper  pan  are  now  adjusted  until  the  instrument  again  sinks  to  the 
mark  on  the  stem.  The  weight  required  to  sink  the  hydrometer  to  the 
mark  with  no  sample  on  the  upper  pan  nor  in  the  brass  cage  minus  the 
weight  required  to  sink  it  to  the  mark  with  the  sample  immersed  in  the 
cage  equals  the  weight  of  the  coke  in  water.     Then: 

If  the  weight  of  the  sample  in  air  —  x 

and  the  weight  of  the  sample  in  water  =  y, 

x 

the  apparent  specific  gravity  = 


and 


x  —  y 


apparent  specific  gravity 

100  x =  percentage  of  volume  of  coke 

True  specific  gravity  substance. 

Also, 

100  — percentage  by  volume  of  coke  substance  =  percentage  by 
volume  of  cell  space. 
"In  making  apparent  specific  gravity  determinations  of  coke  the 
sample  should  preferably  be  in  lumps  of  nearly  the  same  size  and  shape. 
When  the  sample  is  immersed,  the  hydrometer  should  be  moved  rapidly 
up  and  down  in  the  water  a  number  of  times  in  order  to  remove  air 
bubbles.  Since  coke  samples  are  porous,  they  take  up  water  rapidly 
and  should  not  be  allowed  to  remain  in  contact  with  water  more  than 
five  minutes  during  a  determination.  By  observing  the  above-mentioned 
precautions  satisfactory  results  can  be  obtained.  All  samples  should  be 
thoroughly  dried  before  specific  determinations  are  made." 

(f )  Coxe's  Beam  Balance  Method. — In  1893  Eckley  B.  Coxe*  de- 
scribed a  method  for  the  determination  of  the  specific  gravity  of  broken 
coal  in  comparatively  large  quantities,  as  used  in  his  laboratory  at  Drif- 
ton,  Pennsylvania.  The  apparatus  (Fig.  8)  consisted  of  a  Fairbanks 
market  beam  scale  and  ordinary  sheet-iron  bucket,  a  cylindrical  tin  pan 
about  14  inches  in  diameter  and  7  inches  deep,  and  an  ordinary  washtub. 
The  weighing  beam  was  supported  by  a  crane  attached  to  a  heavy  post, 
and  the  apparatus  was  hung  on  the  hook  provided  for  suspending  ma- 
terial to  be  weighed.  A  yoke  was  also  attached  to  this  hook,  and  the 
pan  was  suspended  from  it  by  means  of  wires  and  immersed  in  water  in 
the  tub.     The  coal  of  which  the  specific  gravity  was  to  be  determined 
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(about  20  lb.),  after  having  been  freed  from  dust  and  air-dried,  was 
placed  in  the  bucket,  and  its  weight  obtained  by  means  of  the  poise  and 
a  suitable  rider  on  the  scale  beam.  It  was  then  poured  into  the  pan 
under  water,  and  after  it  had  been  stirred  in  order  to  remove  all  air, 
the  weight  was  obtained  as  before,  and  the  specific  gravity  calculated  in 
the  usual  manner. 

(g)  Spring  Balance  Method. — Mr.  M.  S.  Hachita*  has  suggested 
the  use  of  a  large  spring  balance  for  obtaining  the  specific  gravity  of 
large  sizes  of  coal.     It  could  be  used  as  well  for  large  quantities  of  small 


Fig.  8.    Coxe  Beam   Balance. 


sizes,  and  exactly  in  the  manner  described  by  Mr.  Coxe  for  his  beam 
balance. 

(h)  Jolly  Balance  Method. — The  Jolly  balance  (Fig.  9)  consists 
of  a  long  delicate  spiral  spring  suspended  from  an  arm  attached  to  a 
support  S  which  can  be  moved  vertically.  This  support  is  in  the  form 
of  a  tube  graduated  in  centimeters  and  millimeters,  and  it  moves  inside 
of  another  tube  to  which  a  vernier  is  attached.  Two  pans  are  hung  from 
the  lower  end  of  the  spring,  the  lower  one  when  in  use  being  immersed 
in  water  up  to  a  mark  on  the  wire  which  holds  it.  The  vertical  support 
is  placed  so  that  its  zero  mark  coincides  with  the  zero  of  its  vernier,  then 
a  movable  mark  on  the  stationary  support  is  made  to  bisect  the  marks 


'Mines  and  Minerals,  Vol.  31,   p.   499. 
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between  the  spring  and  the  pans.     These  adjustments  being  made,  the 
balance  is  ready  for  use. 

A  lump  of  coal  is  placed  upon  the  upper  pan.  and  the  spring  is 
stretched  by  raising  the  vertical  support  until  a  balance  is  reached.  The 
amount  the  spring  is  stretched  is  read  off  by  means  of  the  vernier  from 
the  graduated  scale  of  the  vertical  support.  The  lump  of  coal  is  then 
transferred  to  the  lower  pan  and  is  immersed  in  water.     The  stretching 


Fig.  9.    Jolly  Balance. 

of  the  spring  is  again  recorded,  and  the  specific  gravity  calculated  by  the 
formula : 

Wa 

Sp.  Gr.  = ,  in  which 

Wa  —  A 
Wa  =  wt.  in  air,  and 

W    =  wt.  in  water. 
Since  the  specific  gravity  is  merely  a  ratio,  the  stretch  of  the  spring  may 
be  used  directly  for  the  values  Wa  and  W. 
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This  method  of  determinai lob  may  be  \\^><\  directly  io  obtain  the 
apparent  specific  gravity.  The  manipulation  of  the  balance  is  quite 
simple,  and  its  operation  is  very  rapid.  If  the  actual  weight  in  grams  is 
desired,  the  balance  may  be  calibrated  with  a  set  of  weights.  The  cali- 
bration  of  the  balance  \\*><\  is  indicated  in  Table  No.  17. 

Table  17. 

Calibration  of  Spring  Balance 


Grams 

Balance 

Value  of  One 

Value  of  One 

Reading 

Space  in  Grams 

Gram  in  Spaces 

1 

3.03 

0.330 

3.03 

% 

5.97 

0.335 

2.99 

3 

8.90 

0.337 

2.97 

4 

11.82 

0.338 

2.95 

5 

14.74 

0.339 

2.95 

6 

17.67 

0.340 

2.94 

7 

20.60 

0.340 

2.94 

8 

23.50 

0.340 

2.94 

9 

26.40 

0.341 

2.93 

10 

29.28 

0.342 

2.93 

11 

32.19 

0.342 

2.93 

12 

35.10 

0.342 

2.92 

13 

37.98 

0.342 

2.92 

14 

40.87 

0.342 

2.92 

15 

43.75 

0.343 

2.92 

14.  Selection  of  a  Method. — A  method  for  the  determination  of 
the  specific  gravity  of  coal  should  combine  as  far  as  practicable  accuracy, 
rapidity  of  operation,  and  simplicity  of  apparatus,  and  any  such  method 
should  be  adapted  to  the  particular  type  of  work  for  which  it  is  to  be  used. 
If  especially  accurate  results  are  desired  and  if  time  is  no  object,  a  method 
similar  to  one  of  those  in  use  at  the  U.  S.  Bureau  of  Mines  for  true 
specific  gravity  determinations  might  be  employed.  When  rapidity  is 
desired  and  approximate  results  are  sufficient,  as  in  most  commercial 
work,  a  more  rapid  method  is  better.  If  the  determinations  must  be 
made  in  the  field  and  the  apparatus  moved  about  from  place  to  place,  a 
method  should  be  employed  which  requires  only  a  simple  instrument, 
and  one  that  is  easily  portable,  such  as  a  Nicholson  hydrometer  or  one 
of  the  simpler  balances.  If  large  lumps  or  large  quantities  of  material 
are  handled,  a  method  like  Coxe's  Beam  Balance  method,  or  the  Spring 
Balance  method  would  be  suitable.  If  the  lumps  are  of  moderate  sizes 
the  Nicholson  hydrometer,  or  a  method  such  as  that  suggested  by  Prof. 
Parr  would  serve  the  purpose.  If  only  small  sizes  of  coal  are  available, 
a  pyenometer  method  should  be  used  for  accurate  determinations,  and  a 
method  such  as  the  Jolly  Balance  method  for  the  less  accurate  work. 
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Since  the  pycnometer  methods  of  the  Bureau  of  Mines  are  somewhat 
complicated,  the  author  tried  a  more  simple  pycnometer  method  for 
purposes  of  comparison  with  the  Jolly  Balance.  The  specific  gravity  of 
a  number  of  samples  of  dry  coal  was  determined  in  the  following  way: 

Pycnometers  having  a  volume  of  10  c.c.  were  weighed  full  of  water 
at  room  temperature,  a  portion  of  the  water  was  removed,  and  a  one-gram 
sample  of  20-mesh  coal  was  placed  in  each.  They  were  again  filled  with 
water,  stoppered,  and  boiled  in  a  beaker  of  water  for  about  an  hour,  in 
order  to  remove  all  air  from  the  coal.  After  they  had  cooled  to  room 
temperature  they  were  filled  to  the  mark  with  water  and  weighed.  The 
specific  gravity  was  computed  by  the  formula: 

Wc 

Sp.  Gr.  = -,  in  which 

(Wc  +  W)  -  W 
Wc  =  weight  of  coal  in  air, 
W   =  weight  of  pycnometer  when  full  of  water, 
W  =  weight  of  pycnometer  when  containing  coal  and  filled 

with  water,  and 
(Wc  +  W)  —  W'  —  weight  of  water  displayed  by  the  coal. 
The  calculations  were  simple,  as  Wc  =  1,  W  is  a  constant,  and  the  specific 
gravity  is  the  reciprocal  of  a  constant  minus  W'. 

This  method  was  found  unsatisfactory.  Fine  material  was  easily 
lost  during  the  process,  and  it  was  difficult  to  remove  all  the  air  from 
the  coal. 

For  purposes  of  comparison  with  the  pycnometer  method  just  de- 
scribed, the  specific  gravity  of  the  same  samples  of  coal  was  determined 
by  the  standard  Jolly  Balance  method,  the  lumps  being  boiled  in  water 
for  one  hour  and  then  cooled  to  room  temperature  before  being  weighed 
in  water.  The  values  obtained  by  the  two  methods  are  given  in  Table  18, 
and  an  examination  of  these  data  shows  that  the  pycnometer  method 
gave  lower  values  than  the  Jolly  Balance  method.  Evidently,  in  the 
latter  case  all  the  air  was  not  removed  from  the  pores  of  the  coal  before 
it  was  weighed  in  water. 

15.  Method  Adopted. — The  Jolly  Balance  method  was  found  to  be 
much  more  satisfactory,  and  it  was  adopted  as  the  method  for  obtaining 
the  specific  gravity  determinations  made  in  connection  with  the  prepara- 
tion of  this  bulletin.  The  apparatus  is  quite  simple,  it  requires  lumps 
of  a  convenient  size  and  only  a  small  sample  of  coal,  is  rapid  in  oper- 
ation, only  a  few  seconds  being  required  to  make  a  weighing,  and  is 
sufficiently  accurate  for  ordinary  work.     The  chief  objection  to   it  is 


SPECIFIC   GRAVITY   STUDIES  OF   ILLINOIS   COAL 


49 


that  the  lumps  used  for  the  determination  are  selected  arbitrarily,  which 
makes  possible  the  admission  of  personal  errors,  since  the  operator  may 
reject  portions  of  the  sample  which  contain  pyrite  or  shale  partings,  and 
select  only  lumps  which  represent  the  average  of  the  sample.  In  the 
investigation  here  described  lumps  weighing  from  5  to  20  grams  were 
used. 

16.    Selection  of  Coal  Sample. — The  effect  of  ash  upon  the  specific 

Table  18. 
Comparison  of  Jolly  Balance  and  Pycnometer  Methods. 


Sample 

Specific  Gravity 

No. 

Jolly  Balance 

Pycnometer 

1 

1.28 

1.26 

2 

1.26 

1.27 

3 

1.28 

1.27 

4 

1.33 

1.27 

5 

1.31 

1.32 

6 

1.33 

1.26 

7 

1.33 

1.27 

8 

1.35 

1.29 

9 

1.33 

1.29 

10 

1.32 

1.26 

11 

1.29 

1.26 

12 

1.32 

1.27 

13 

1.29 

1.25 

14 

1.28 

1.28 

15 

1.31 

1.25 

16 

1.31 

1.31 

17 

1.31 

1.31 

18 

1.31 

1.28 

19 

1.32 

1.29 

20 

1.39 

1.29 

21 

1.35 

1.28 

22 

1.36 

1.31 

23 

1.37 

1.32 

Average 

1.32 

1.28 

gravity  has  long  been  recognized.  Dull  coal  may  have  a  higher  ash  con- 
tent than  bright,  glossy  coal,  and  consequently  a  higher  specific  gravity. 
This  condition  should  be  taken  into  consideration,  and  lumps  should  be 
selected  so  that  the  average  result  will  represent  dull  and  bright  coal  in 
their  proper  proportions  in  the  sample.  Eesults  which  show  abnormally 
high  values  are  probably  due  to  the  fact  that  certain  lumps  contain  an 
abnormal  amount  of  shale  or  pyrite,  and  such  results  should  be  rejected 
in  the  general  average,  unless  a  large  number  of  lumps  are  averaged. 
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